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Introduction

Through the perception and response to a specific stimu-
lus, smart textiles communicate with the environment 
using various electronic components/parts in the form of 
yarns or fabrics embedded in various shapes and composi-
tions of woven, nonwoven, and knitted structures.1 Two 
types of health monitoring include construction (structure) 
and individual (human) bodies. There are various tech-
niques/approaches2 in the field of structural health moni-
toring research, such as the acoustic emission approach 
used for structural defects detection, whereas the wearable 
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health monitoring system provides real-time medical mon-
itoring services.4 Wearable healthcare systems need elec-
trodes that are skin adhering to provide maximum comfort 
to patients and to process and carry signals with low  
resistance.3 The ability to carry information in smart tex-
tiles allows patients and medical staff to communicate 
with ease and reliability.4 Modern health monitoring 
devices containing conductive fibers/yarns/fabrics process 
the signals from one end to another end/portion of the 
structure according to the requirements.5 The monitoring 
system continuously collects data from the body of humans 
by changing their health status over time. Additionally, 
health monitoring system sensors are extremely adaptable 
and friendly to preserve a natural connection with the 
human body.6 Smart textiles are considered the future of 
the industry by developing many emerging products in 
various stages of life as per demand. To conduct complex 
computations and discover efficient information, more 
improvements in health monitoring devices are being 
made by improving their size.7 The sensing capabilities of 
textile structures comprised of electrically conductive 
yarns are being improved through a number of experi-
ments.8–10 However, currently, available conductive yarns 
contain variations in resistance as reported in breathing 
sensors developed by Pfeiffer.11 The researchers have 
worked on the performance evaluation of sensors having 
conductive yarns with different geometries, which affect 
sensitivity and hysteresis minimization.12 Calvert et al. 
worked on piezoresistive sensors for smart textiles.11 
Perrier et al.13 investigated the production of socks for foot 
pressure and gait analysis. Özdıˆl et al.14 worked on socks 
to observe fabric strength against abrasion. Perrier et al. 
worked on the technical features of socks for a diabetic 
person to prevent foot ulceration. An initial sample of 
socks has been prepared using eight sensors at different 
positions. The measured pressure is collected during gait 
and shown on the smartphone through a Bluetooth connec-
tion.15 E-textiles have an enormous market growth of 33% 

in different fields.16–18 Regarding e-textiles, knitting has 
become a widespread technology for wearables.19–22 
Extensive work has been done on strain sensors,23–29 and 
reinforcement30–33 made of knitted structures, but still, 
there is a lack of information published in the literature in 
the field of electromechanical properties of knitted struc-
tures for potential socks sensing systems. These compo-
nents represent a significant step toward enhancing work 
capacity and overall well-being through smart, wearable 
technology. The present study examines the electrome-
chanical properties of electrically conductive yarns (ECY), 
as well as the architecture of knitted pressure sensors made 
from single and double jerseys for e-textiles applications.

Materials and methods

Seven different types of electrically silver coated conduc-
tive yarns (ECY) were purchased from Kazhtex, the China 
company, including 70D-DTY, 70D-FDY, 150D-DTY, 
40D-DTY, SP25070FX-250, 280D-FDY, and 78D-FDY. 
Based on the tensile strength of ECY, an ASTM D2256 
was used and, for electrical properties, AATCC 76 was uti-
lized for the selection of yarns. Knitted structures made on 
a flat knitting machine, tested on Kawabata KES-FB03 
evaluation system and selected based on compression 
behavior. Furthermore, the static charge of selected knitted 
structures having optimized conductive yarns of 
SP25070FX-250 was measured using the BSEN-1149-1 
standard on the static charge meter as shown in Figure 1. 
The pressure sensing properties were measured by apply-
ing load on the selected knitted structures using a two-
probe digital multimeter as shown in Figure 2. Pressure in 
grams was applied on the selected knitted structures like 
double lacoste, popcorn, milano rib, and spacer fabric of 
20 cm × 20 cm. The method of an experiment, which 
describes factors, input variables, and output variables is 
provided in Table 1. This methodical approach allowed for 
the assessment of how different knitted patterns and yarn 

Figure 1.  (a) Flat knitting machine and (b) static charge meter.
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compositions, such as double lacoste, popcorn, milano rib, 
and spacer fabric, responded to applied pressure, with each 
structure standardized to a dimension of 20 cm × 20 cm.

Results and discussion

The values of tensile strength and electrical resistance for 
seven different counts of conductive yarns are shown in 
Table 2 along with elongation. A tensile test is a mechani-
cal test in which a material specimen is subjected to a con-
trolled and increasing tensile (pulling) force until failure, 
to measure properties such as tensile strength, elongation, 
and Young’s modulus. The tensile strength tests using 
ASTM D2256 were conducted using an Instron universal 
testing machine, with samples prepared according to 
standard procedures, and each test was repeated five times 
to ensure statistical reliability. From Table 2, it is indicated 
that SP25070-FX-250 (S5) and 280D-FDY (S6) have high 
single yarn tensile strength as compared to the rest of the 
yarns.

From the values given in Table 2, it was quite observed 
that the yarn obtained at high spinning speed has a greater 
tensile strength like FDY yarn than the DTY yarn. The ten-
sile strength and elongation are directly proportional to the 
count of yarn. Because there are more fibers in each cross-
section of the coarse yarn, it will initially lengthen as much 
as possible against the applied force. Because more fibers 
per cross-section can withstand more stress and slide apart 
to straighten, yarn has demonstrated better tensile strength 
in both the FDY and DTY cases. SP25070-FX-250 (S5) 
has a higher tensile strength than DTY yarns as this yarn is 
a sewing thread, which is a special class of yarns and is 
made from two yarns twisted yarns. This yarn is soft, high-
strength, and did not break easily during the knitting pro-
cess due to the less effect of friction, tension, and bending 
forces. However, because of the increased number of fib-
ers per cross-section, 280D-FDY (S6) yarns were found to 

Figure 2.  Setup (multimeter) for measuring pressure and 
resistance dependencies.
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Table 2.  Tensile strength and electrical resistance of different conductive yarns.

Sr. # Yarn’s specifications Sample ID Strength (N) Elongation (%) Electrical resistance (Ω)

1 Silver coated yarn/70D-DTY S1 2.4 ± 0.44 20.28 ± 1.94 308 ± 12.34
2 Silver coated yarn/70D-FDY S2 2.58 ± 0.12 35.3 ± 1.84 311.8 ± 22.15
3 Silver coated yarn/150D-DTY S3 4.32 ± 0.2 26.95 ± 1.4 116.8 ± 4.9
4 Silver coated yarn/40D-DTY S4 1.78 ± 0.24 12.28 ± 1.09 465 ± 72.45
5 Silver coated yarn/SP25070FX-250 S5 11.8 ± 0.68 30.17 ± 1.34 143.4 ± 2.9
6 Silver coated yarn/280D-FDY S6 13.18 ± 0.63 17.82 ± 1.48 32.4 ± 14.42
7 Silver coated yarn/78D-FDY S7 2.4 ± 0.23 11.81 ± 1.24 138 ± 56.39

Figure 3.  Tenacity (g/tex) versus strain (%) for conductive 
yarns of different counts.

Table 3 for a single jersey knitted structures, it is indicated 
that only double lacoste and popcorn-knitted structures 
have high compression resistance. The resilience of com-
pression is the area under the compression/pressure curve 
divided by the area of the whole triangle. These structures 
have a low value of linearity of compression. Linearity of 
compression shows the softness of the fabric/structure. It 
is calculated by dividing the volume under the recovery 
curve. Both double-lacoste and popcorn were selected 
from single jersey knitted structures based on their high 
compressional behavior due to fabric architecture and 
knit-tuck assembly. The compression for both double 
lacoste and popcorn was 44.00%, and 45.557% respec-
tively. In, mock rib with a knit-miss stitch has the lowest 
compression properties. Because the wales are drawn 
closer together, knit-miss stitch tendss to have smaller hor-
izontal lines, reducing width-wise elasticity and increasing 
fabric stability. In case of double-lacoste and popcorn knit-
ted structures the compressional behavior was due to knit-
tuck loops.

Knit tuck has the properties of an increase in width of 
fabric, due to which the wales density decreases. The tuck 
stitch has high yarn tension, and the thickness of the fab-
rics increases, so therefore these knitted structures have 
high resilience of compression. This enhanced resilience 
and compression resistance in double-Lacoste and pop-
corn-knitted structures can be attributed to the interplay 
between increased yarn tension and structural density, 
which effectively redistributes applied stress and mini-
mizes deformation under load. The compression and 
recovery curves for the selected single jersey knitted struc-
tures are shown in Figure 4. The figure contains three 
zones – the first zone of low pressure of 0.5 g.f/cm2, the 
protruding fibers on the fabric surface are compressed and 
the behavior of the structure is considered as stretchy. 
Applying the pressure causes the internal fiber friction and 
slippages in the yarn to rise. Due to an increase in force in 
the second zone, the fabric thickness reduces non-linearly. 
A highly packed fiber assembly was taken into considera-
tion in the third zone because a further increase in the force 
or pressure on the structure causes the fibers to compress 
laterally. Both optimized knitted structures with knit-tuck 
structures demonstrate more surface thickness (ΔT) while 
possessing high compression resistance. This is due to the 

be the most suitable in terms of tensile strength when com-
pared to FDY yarns. This is because the greater fiber den-
sity in the cross-section allows for better distribution of 
stress and more effective load-bearing capacity, resulting 
in enhanced durability and reduced likelihood of yarn 
breakage during high-stress applications. Electrical resist-
ance is a measure of the opposition to the flow of electric 
current through a conductor, quantified by the ratio of volt-
age applied to the current flowing through it. The electrical 
resistance of the yarns was measured using the AATCC 76 
procedure, which involved a calibrated digital multimeter 
setup under controlled temperature and humidity condi-
tions, with yarns selected based on achieving the lowest 
consistent electrical resistance values. Electrical resistance 
depends on the manufacturing process and coated tech-
niques. Both SP25070-FX-250 (S5) and 280D-FDY (S6) 
yarns have less obstruction to the path of free electrons due 
to better manufacturing and coating process. Therefore, 
SP25070-FX-250 (S5) and 280D-FDY (S6) were selected 
for the manufacture of knitted structures from seven differ-
ent counts of available conductive yarns based on tensile 
strength as shown in Figure 3 and electrical resistance.

Optimizing knitted single-jersey and double-
jersey structures

Tables 3 and 4 display the compression findings for single-
jersey and double-jersey knitted structures, respectively. In 
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fact that tuck loops decrease fabric length and longitudinal 
flexibility in knit-tuck structures like double lacoste and 
popcorn, while increasing density naturally. It appears that 
the nearby knitted loops become smaller as a result of the 
higher yarn tension on the tuck and retained loops, result-
ing in better stability and shape preservation. This struc-
tural composition contributes to their superior compression 
resistance and resilience, effectively distributing stress and 
preserving fabric integrity under load.

From Table 5, it was observed that only the milano rib 
double jersey knit has a high resilience of compression 
value of 49.55% comparable to the spacer knit structure 
tested under Kawabata evaluation system FB-03. This 
structure was found to be the best compressional behavior 
of all single jersey and double jersey knitted structures.34 
All four knitted structures respond to pressure by decreas-
ing their electrical resistance, making them suitable for 
applications in pressure sensing. Among them, Milano Rib 
shows the highest sensitivity, while Spacer, despite start-
ing with the highest initial resistance, still shows a signifi-
cant response to pressure changes. These properties make 
these fabrics potential candidates for wearable sensors and 

smart textiles where pressure sensing is required. The 
milano rib double jersey knit structure obtained using two 
sets of needles and high resistance against force was due to 
the fabric thickness. When applied load on the milano rib 
their thickness decreases and such structure has the proper-
ties of more compressibility and recovers to its original 
position when pressure is removed. From Figure 5, it is 
examined that in the case of the milano rib, a rise in pres-
sure against the thickness of the fabric gave the highest 
recovery rate after the removal of the load due to the struc-
ture network. In the very first course, the tuck-tuck archi-
tecture gave thickness to the structure because the fabric 
showed an elastic behavior. Therefore, from single- and 
double jersey knitted structures, only three knitted struc-
tures were optimized based on compressional properties. 
From single-jersey knitted structures, double lacoste and 
popcorn were selected based on the high resilience of com-
pression and milano rib from double-jersey knitted struc-
tures. The compressibility of knitted structures or the 
compression properties of fabric depends on the type of 
fiber, yarn count, yarn twist, loop length, loop density, and 
loop geometry that has a major impact contributed toward 

Figure 4.  Compression and recovery curves for single jersey knitted structures: (a) double lacoste and (b) popcorn.

Table 5.  Optimized knitted structures pressure sensing properties.

Sr #. Pressure (g) Double lacoste 
resistance (Ω)

Popcorn 
resistance (Ω)

Milano rib 
resistance (Ω)

Spacer 
resistance (Ω)

1 0 9.20 ± 0.21 9.31 ± 0.32 8.89 ± 0.39 9.40 ± 0.41
2 25 9.06 ± 0.23 9.22 ± 0. 29 8.81 ± 0.32 9.38 ± 0.41
3 53 8.92 ± 0.23 9.21 ± 0.22 8.80 ± 0.29 9.31 ± 0.29
4 81 8.91 ± 0.25 9.11 ± 0.22 8.72 ± 0.31 9.29 ± 0.28
5 131 8.89 ± 0.28 9.06 ± 0.19 8.71 ± 0.29 9.16 ± 0.31
6 199 8.84 ± 0.22 9.01 ± 0.23 8.65 ± 0.33 9.15 ± 0.33
7 311 8.79 ± 0.23 8.98 ± 0.28 8.59 ± 0.35 9.14 ± 0.41
8 424 8.77 ± 0.25 8.97 ± 0.26 8.52 ± 0.41 9.11 ± 0.39
9 540 8.75 ± 0.22 8.89 ± 0.33 8.51 ± 0.29 9.09 ± 0.36
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the structure. Compression is a reduction of fabric thick-
ness brought on by a rise in exerted force or pressure. The 
yarn arrangement in a fabric structure and structural 
parameters dominate more in terms of compression prop-
erties of knitted fabric. Double Lacoste and popcorn have 
the highest resilience value (RC) value among all single 
jersey knitted structures because of the contributing fac-
tors and fabric architecture as explained earlier. The work 
of compression (WC) is the ability to work to the change 
in fabric thickness during the compression test. The yarn 
count, the height of the dial, and the surface of the material 
all significantly impact the compression qualities of the 
double jersey knitted structure. With an increase in dial 
height, spacer fabric with polyester surfaces and monofila-
ment spacer yarn has a high RC value. For spacer fabric, 
the RC value of 50.48% was found to be the highest among 
all double jersey knitted structures. The milano double knit 
has also a high RC of 49.50%, which is comparable to 
spacer structure.35 This distinction underscores the impor-
tance of structural parameters, such as loop density and 
geometry, in enhancing the compressional resilience of 
knitted fabrics, thus making them suitable for applications 
requiring high durability and elasticity.

Optimized knitted structures static charge

A static charge test was performed with a static charge 
meter using BSEN 1149-1 standard on optimized knitted 
structures. The purpose of this test was to verify the 
charges at rest that may deteriorate the structure’s conduc-
tivity. Static charge measurement determines the amount 
of static electricity accumulated on a material’s surface. 
The static charge of knitted structures was measured using 
the standard by placing the samples in a controlled envi-
ronment, charging them using a standardized method, and 
recording the static discharge using a calibrated static 
charge meter. Optimized structures like double lacoste, 
popcorn of single jersey popcorn, and double jersey rib 

and spacer fabric were manufactured by inserting a con-
ductive yarn. The purpose of this test was to observe the 
charges that are at rest. Due to the performance of this test 
on these structures, both surface resistivity and vertical 
resistance of less than 100T (105–1012 Ω) were found at 
100 V for all optimized samples. Using a digital multime-
ter, the vertical surface resistance and the horizontal sur-
face resistance for optimized knitted structures of an area 
of 4 inch2 were 3.1 and 2.1 k.Ω, respectively. This means 
that the developed structures have good electrical proper-
ties and are suitable for smart socks applications.

Optimized knitted structures pressure sensing 
properties

As indicated in Table 5, pressures of 0, 25, 53, 81, 131, 
199, 311, 424, and 540 g were applied, with resistance (Ω) 
measured against each applied pressure. The experiment 
was repeated five times for applied pressure.

From Table 5, it is clearly indicated that the milano ribs 
have suitable pressure sensing properties from all single 
jersey and double jersey knitted structures. Milano ribs 
have a maximum value of 8.89 Ω when no pressure was 
initially applied to the structure and a sminimum value of 
8.51 Ω 540 g pressure. When the applied pressure is 
increased, the electrical resistance is reduced because it 
compresses the fibers, allowing a continuous flow of elec-
trons to occur. It means that obstruction to the path of free 
electrons decreased and knitted structures showing the 
properties of carrying a signal from one portion to another.

The pressure-electric resistance curve for the knitted 
structures is shown in Figure 6. The Milan rib knit struc-
ture began at 8.89 Ω at 0 g-force and gradually decreased 
as continuous pressure was applied. Milano rib has a knit-
tuck assembly, which adds thickness to the structure and 
increases the yarn tension in the tuck stitch. The primary 
relationship between compression and electrical properties 
depends on the type of materials, the assembly of stitches, 
and the thickness of the structure.

Figure 5.  Compression and recovery curve for milano rib 
double jersey knitted structure.

Figure 6.  The pressure versus electric resistance curve for 
the knitted structures.
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All the knitted structures considered in this graph have 
a lower electrical resistance. This decrease in electrical 
resistance is well for the incorporation of such structures 
into socks. As a result of the applied pressure, the electrical 
resistance changes and the pressure is converted into an 
electrical signal for data transmission.

Conclusions

Based on their electromechanical properties, single jersey 
and double jersey knitted designs were compared and the 
best knitted structures were picked in this research. The 
spacer structure was considered as the reference sample 
and then all the single and double jersey knitted structures 
were observed to exhibit compression behavior. A conduc-
tive yarn of 280D-FDY and SP25070FX-250 was selected/
optimized in terms of its tensile strength and electrical 
properties. Fully drawn yarn (FDY) has high tensile 
strength due to simultaneous drawing and twisting during 
the manufacturing process as compared to drawn textured 
yarn (DTY). Double Lacoste and popcorn were found to 
have improved electromechanical behavior in single jersey 
knitted designs. Double jersey has simply one order, called 
milano rib, having better compression value due to struc-
ture architecture along with the best pressure sensing prop-
erties. The fabric design or architecture along with yarn 
count, loop length, loop density, loop-shaped factor, yarn 
twist, fiber length, and yarn structures are the important 
parameters that have a significant influence on the com-
pression properties of the knitted structure. With the 
increase in the loop-shaped factor (fabric dimension), the 
loop length and loop density also increase the resilience of 
compression (RC) and linearity of compression (LC) that 
indicates better fabric softness. The compression, surface, 
and bending properties of the fabric are important factors 
when deciding the quality attributes. The surface resistiv-
ity for the selected knitted structures showed a vertical 
resistance value of 3.1 and 2.1 k.Ω horizontal resistance, 
which means prepared samples have good electrical prop-
erties. Optimal conductive knitted structures with better 
electromechanical properties were subsequently found 
suitable for smart sock applications. Future works recom-
mend the anticipation of conductive yarn breakage during 
the process of knitting, microscopic analysis of conduc-
tive yarns, integration of knitted structure pressure sen-
sors using electrically conductive yarns (ECYs) into 
composite materials can enhance mechanical properties, 
provide real-time health monitoring, and offer customized 
performance. By combining ECYs with reinforcing fib-
ers, hybrid composites can be created for applications in 
aerospace, automotive, and medical devices. These smart 
composites can monitor stress and strain, making them 
suitable for structural health monitoring, wearable tech-
nology, and flexible electronics. This innovative approach 
could lead to significant advancements in both smart tex-
tiles and composite materials.
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