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Abstract: Textile-based heaters have opened new opportunities for next-generation smart heating
devices. This experiment presents electrically conductive textiles for heat generation in orthopaedic
compression supports. The main goal was to investigate the influence of frequent washing and
stretching on heat generation durability of constructed compression knitted structures. The silver
coated polyamide yarns were used to knit a half-Milano rib structure containing elastomeric inlay-
yarn. Dimensional stability of the knitted fabric and morphological changes of the silver coated
electro-conductive yarns were investigated during every wash cycle. The results revealed that
temperature becomes stable within two minutes for all investigated fabrics. The heat generation was
found to be dependent on the stretching, mostly due to the changing surface area; and it should be
considered during the development of heated compression knits. Washing negatively influences
the heat-generating capacity on the fabric due to the surface damage caused by the mechanical and
chemical interaction during washing. The higher number of silver-coated filaments in the electro-
conductive yarn and the knitted structure, protecting the electro-conductive yarn from mechanical
abrasion, may ensure higher durability of heating characteristics.

Keywords: conductive textiles; heat generation; orthopaedic support; compression; washing; stretch

1. Introduction

Smart textiles are fabrics that interact intelligently with the nearby surroundings
or the consumer. The electronic textile (e-textile) is capable of sensing environmental
circumstances or stimuli and providing information that can effectively respond to and
adapt actions. Electrically conductive textile is a piece of smart textile that incorporates
conductive fibers, yarns, fabrics, and ultimate products. Heating applications, particularly
in the medical field, are a significant use of electrically conductive materials [1-4].

Knitted orthopaedic supports are designed to provide skeletal support for improving
the life quality of patients. Unlike traditional knitted garments, compression garments
are compact knitted garments customized for medical purposes. Compression therapy is
usually applied for bandaging, compression stockings and orthopaedic supports. Com-
pression products can be categorized into three classes according to the compression
level—preventive supports, functional supports and postoperative/rehabilitation supports.
They are used as knee, wrist, ankle, shoulder, elbow, or back braces and supports [5]. The
orthopaedic supports are useful to those who are aged, pregnant, neonates, and suffering
from motor impairment or paraplegic by improving the body anatomically and strengthen-
ing motor skills [6]. Knitted orthopaedic supports usually are produced as elastic knitted
structures with supplementary silicone or metallic elements, such as straps, fasteners,
hinges used for different purposes. Some of these components work together to generate
a function that is relevant to the patient’s health and healing process, some of them increase
wearing comfort, but all of them may change the elasticity and compression of the entire
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product. The rigid parts can not only notably affect compression generated by the support,
but also even alter the compression class of the product [7].

Many research works are focused on orthopaedic supports and analysis of their con-
struction, structure, properties, and behaviour during wearing [7-13]. Stretchable knitted
structures are used for compression garments that contain elastomeric yarns and gain
appropriate compression [7]. There is a strong correlation between the mechanical char-
acteristics of the fabric and its generated pressure. It is well recognized that mechanical
properties of a knitted fabric are related to the geometry of the knitted elements, knitted
pattern, properties of the yarns used for knitting, and direction in which elastomeric yarns
are laid in the fabric structure as well as the direction in which the fabric is used [14,15].
To generate compression and to achieve better performance of compression support, extra
inlay-yarns are inserted into the construction of a knit as inlaid, floated, or plated yarns.
The higher amount of compression is mainly accomplished by increasing the thickness of
the elastic core of the inlay-yarn, although adjustments may also be made to the ground
yarn [16,17]. It is important to notice that a different geometry of knitted structure generates
different mechanical properties that are closely linked to the fabric structure, yarn properties.
Compression of an orthopaedic support rely on the support area, shape, and characteristics
of knitting, such as knitting pattern, density, etc. [12,17].

Heat therapy is used for relaxing the stiffness of joints and reducing pain. External
heating can affect high-temperature-sensitive receptors in nerve endings, thereby activating
blood flow and increasing muscle plasticity [18,19]. Thus, heated orthopaedic products will
help to solve problems of low physical activity and related injuries. One of the fast-growing
textile fabrics groups is wearable electronics, which significantly increases the functionality
of textile products. The development of e-textiles enables the development of heated,
temperature-controlled orthopaedic products that help to solve problems of low physical
activity caused by chronic pain. Knitted fabrics with inserted electrically conductive fibres
and yarns can be used as electro-conductive products that can generate the heat necessary
for the heat therapy of compression orthopaedic supports [20-28]. Nevertheless, there
is still a lack of information in the literature on studies of compression products with
integrated heating, on changes in heating properties during wear. Around 4045 °C
temperature is required for the therapy, relaxing the stiffness of joints and reducing pain,
and it is important to keep the temperature constant for a certain time. Moreover, it is
necessary to solve the heating of the orthopaedic supports without adding external rigid
elements that make changes in the support compression.

Orthopaedic compression products usually are indicated for the long-lasting term of
wearing. It is known that conductive coating may be removed from yarns in knitted com-
pression products during several washing, therefore a decrease of generated temperature
may appear during the time of wear. Hence, the main goal of this study was to develop com-
pression knitted specimens with incorporated electro-conductive silver coated polyamide
yarns, as well as to explore heat generation characteristics and temperature changes under
extension, which is essential for compression generation, and repeated washing. The tensile
force and compression variations during the stress relaxation of compression knitted fabrics
with various knitting structures also were investigated. The measurements were taken over
a particular time (10 min) to see when the heating action stabilized.

2. Experimental Design

The ELITEX 66tex/f12_PA/Ag (silver coated polyamide) and 235tex/f34_PA/Ag yarns
were used to fabricate specimens designed for orthopaedic compression support using a
flat double needle-bed 14E gauge knitting machine. The knitting structure and amount of
conductive yarn used in the pattern are presented in Table 1. In order to position conductive
yarns on one (close to the skin) surface, the half-Milano rib structure was selected; conse-
quently, conductive yarns were utilized only in the pattern’s single jersey courses. In addition,
the conductive yarn was plated with PA6.6 yarn to cover and protect it from mechanical
abrasion. Figure 1 presents the principal arrangements of the conductive yarn outline in the
knitted pattern. In order to develop the stretchable structure able to generate compression,
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the elastomeric inlay-yarns were inserted into every rib course of the combined half-Milano
structure. To develop the rib courses, the combination of 7.8 tex x4 PA6.6 and 4.4 tex PU
(polyurethane), double covered by 4.4 tex PA6.6, yarns were employed as the ground yarn.
PA/Ag yarns of 66 tex (in EFL group) and 235 tex (in EFH group) were applied in plated
single jersey courses as the ground yarns, while 7.8 tex x4 PA6.6 yarn was utilized in these
courses as the plating yarn. For elastomeric inlay yarn, 114.5 tex PU, double covered by 7.8
tex x4 PA6.6, was utilized and laid in every second course of the pattern. Table 2 highlights
the key characteristics of electro-conductive knitted samples.

The surface temperature was measured by the infrared thermometer. The FLIR InfraCam
SD thermal imager was used for thermal imaging of the samples. Thermal imager specifi-
cations of this device are identified as temperature measurement range: —10 °C to +350 °C;
spectral range: 7.5 to 13 um; accuracy: 3-2%; image frequency: 9 Hz and detector type: focal
plane array. The resistance of the knitted samples was assessed by using MASTECH MY
68-Digital Multimeter. Two copper plates of identical dimensions were fixed on the contrary
ends of the sample and connected with the DC power source to measure the current of the
corresponding applied voltage (Figure 2). The images of designed electro-conductive fabrics
are given in Figure 3.

c

Figure 1. Images and principle scheme of conductive yarn layout on the technical back side of a
specimen (E—courses with conductive yarn, O—courses without conductive yarn, —*—path of
conductive yarn): (a) EFL1 and EFH1; (b) EFL2 and EFH2; (c) EFL3 and EFH3 [29].

7 Wua]
Copper
Electrodes
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Figure 2. Arrangement of fabric for resistance assessment.
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Figure 3. Images of conductive fabrics: (a) EFL1 and EFH1; (b) EFL2 and EFH2; (c¢) EFL3 and EFH3.
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Table 1. Knitting structures and distribution of electro-conductive yarn in the knitting pattern.

Knitting Structure Yarns Used in the Structure and Their Distribution

EFL1 and EFH1

sPA/Ag conductive yarn—percentage amount in the structure 9.2%

2 ' arn
1 Q g? Q g <\v-Eilgtir}rlleric inlay yarn
- O
AaBbCcD d
EFL2 and EFH2
. ) O = PA/Ag conductive yarn—percentage amount in the structure 5.8%
— —~— A6.6 yarn
7 7 _SQ OQ 7 jQZ' 5 - <‘\ﬂilas’cog;eric inlay yarn
5 0 W G2
06 0 6
¢ _QQ QS
3 €2 SJ G &)
, 0.6 06 6
S ONE QN PRK .
[SIRS IR IS
AaBbCcDd
EFL3 and EFH3
Q Q Q v sPA/Ag conductive yarn—percentage amount in the structure 5.9%
16 %’A6.6 arn
15 7 jQ G_; £ ? jgz ng <\0E1astor}1’1eric inlay yarn
5 O
1 2% §0 &2
IS G
0 _Q Q Q Q
? Q2 € €
[SIRS IS IS)
7 Q Q Q Q
€2 €2 €2
BERCIRSIRSIRS!
1 _Q Q Q€

C

AaBbCcDd

Note: EFL—linear density of electro-conductive yarn used in knitted structure—66 tex (12 filaments); EFH—linear density of electro-
conductive yarn used in knitted structure—235 tex (34 filaments).
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Table 2. Main characteristics of designed samples.

Sample 5 Are ? .VVale Py afld Course P, Density.(cmfl) . Average Sample

Code e/r:zlzty, Technical Face Side Technical Back Side LOO{) Ler)lgth, Area, m?
8 P, Py, P, Py mm

EFL1 326+ 2 6.0+ 0.1 6.0 £0.1 12.0 + 0.1 6.0 £0.1 82+03 0.022
EFL2 324+2 6.0+ 0.1 6.0 £0.1 12.0 +0.1 6.0 £0.1 82+02 0.022
EFL3 325+ 2 6.0 £0.1 6.0 £0.1 12.0+0.1 6.0£0.1 82+£03 0.022
EFH1 351+2 6.0+ 0.1 6.0 £0.1 12.0 £ 0.1 6.0 £0.1 81+0.2 0.022
EFH2 349+ 2 6.0+ 0.1 6.0 £0.1 12.0+0.1 6.0 £0.1 81+02 0.022
EFH3 350 + 2 6.0 £0.1 6.0 £0.1 12.0+0.1 6.0 £0.1 81+£03 0.022

Universal testing machine ZWICK/Z005 was used to investigate compression properties
followed by Standard EN ISO 13934-1:2000. Stretching to course direction was chosen because
compression supports are stretched in the transversal orientation to produce compression
while wearing. The tensile speed was 100 mm/min, the distance between clamps was 150 cm,
pretension 2 N, sensor 5 kN. Samples were stretched to the fixed elongation of 10%, 20%, 30%,
40%, and 50% and held for the selected period in this position. The stress was recorded as
a function of the time. The testing machine was operated by the testXpert® software. The
Laplace formula was used to determine the compression of the designed samples:

_ 2-mF

P
S

)
where P is the pressure in Pa, F is the tensile force in N, S is the area of the specimen in m?.

Temperature changes on the fabric surface were evaluated during the 600 s period.
The temperature was recorded each 10 s during the first minute of observation, and then
each 20 s starting from the first minute to the end of the research. Average values were
calculated from four elementary measurements.

The washing test was done according to standard test method EN ISO 6330:2012,
using SIEMENS varioPerfect iQ700 washing machine. Washing characteristics: water
temperature 40 °C, washing time 15 min, rinse time 3 min, spin time 2 min. The shrinkage of
the laundered specimens in longitudinal and transverse directions was measured after each
washing and drying cycle. The shrinkage values were calculated according to the formula:

A L—-1L
Lo

x 100% 2)
where L is the initial fabric dimension in mm (before washing and drying); L is the
fabric dimension in mm after washing and drying. In different sections of the samples,
measurements were repeated 20 times and the average was recorded.

All experiments were carried out in a standard atmosphere (20 & 2 °C temperature
and 65 £ 4% humidity) in compliance with Standard LST EN ISO 139:2005.

3. Results and Discussion
3.1. Voltage (V) Optimization for Target Temperature (T)

In order to ensure the positive influence of heating on the healing process, the target
temperature for orthopaedic heated supports should be not less than 40 °C. DC power
source was connected to heat up the electro-conductive fabrics. Heat generation and
applied voltage are exponentially reliant. The fabric surface temperature was recorded at
the fixed voltage in 10 s intervals during the first minute of measurement, and every 20 s
from the first minute until the end of the test, i.e., till 10 min (600 s). Changes in the surface
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temperature of EFL1, EFL2, EFL3, EFH1, EFH2, and EFH3 structured electro-conductive
fabrics during the 600 s period by applying different voltages are shown in Figure 4.

The observed outcomes exhibit the time-dependent dynamics of the temperature vari-
ations on the surface of specimens. The voltage required to reach the targeted temperature
strongly depends on both the linear density of the conductive yarn and the density of the
conductive rows in the knitted structure. It was found that the 40 °C temperature of the EFL1
specimen was reached by applying a 3.0 V energy source, while 4.0 V voltage was needed
for EFL2 and EFL3 to reach this temperature. For EFH group samples, 1.8 V voltage was
enough to reach the target temperature for EFH1, while 2.0 V voltage was needed for EFH2
and EFH3 to reach the required temperature. The higher voltage applied creates more current
and it generates more energy which is released as heat and raises the temperature in the
electro-conductive fabric surface. EFL group knits exhibit higher resistance than the EFH
group because of the lower linear density of the conductive yarn. By applying a voltage of 3V,
the target temperature was reached by the EFL1 variant but not reached by EFL2 and EFL3.
The 4.0 V voltage was applied for EFL2 and EFL3 to reach the target temperature because
approximately the twice lower amount of conductive yarn was used in the knitting pattern
of these specimens. The same scenario was observed for the EFH group, too. The target
temperature on the surface of the EFH1 variant was reached by applying 1.8 V voltage, while
for EFH2 and EFH3 variants 2.0 V voltage was needed to reach the target temperature.

Thermal images of the heated fabrics surface by using the set voltage (3.0 V for EFL1,
4.0V for EFL2 and EFL3, 1.8 V for EFH1, 2.0 V for EFH2 and EFH3) after 10 min observation
are presented in Figure 5.
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Figure 5. Thermal images of EFL1 (a), EFL2 (b), EFL3 (c), EFH1 (d), EFH2 (e), and EFH3 (f) structured electro-conductive
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Figure 4. Target temperature observation of designed specimens of EFL group (a) and EFH group
(b) during the 600 s period by applying different voltages.

fabrics after 10 min of constant voltage application.

Figure 4 highlights the impact of knitting pattern, i.e., quantity as well as distribution
of the conductive yarn in the knitting pattern, where red colour denotes the highest
temperature and blue colour, accordingly, the lowest temperature. Visually, thermal images
indicate that despite the reached targeted overall surface temperature, the structures EFL3
and EFH3 demonstrate high unevenness of temperature on their surface. This unevenness
appeared due to the different distribution of the conductive yarn in the knitting pattern
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(see in Table 1), i.e., due to the higher distance between courses with and without the
conductive yarn compared to EFL1, EFL2, EFH1, and EFH2. The experimental findings
also revealed the temperature difference between the edges and the middle of the heating
area. This occurred because of high loss of heat through radiation and air convection in the
sides correlated to the middle zone.

3.2. Effect of Elongation (e) on Temperature (T) Characteristics

Compression supports are elastic products containing elastomeric yarns with an en-
gineered compression gradient that can be worn on limbs, upper, lower, or full body to
use for compression therapy. Elastomeric inlay-yarns are used in the knitted structure to
give the most effective compression generation. Heated orthopaedic support, however,
requires compression. Therefore, the conductive yarns are bent into the loop rather than
straight laid yarns in this arrangement. This allows for support extension at the required
level without causing severe damage to the electro-conductive yarn.

The samples were stretched to 10%, 20%, 30%, 40%, and 50% at fixed elongation in
order to imitate the possible wear conditions and to find what influence it has on the
temperature generation. The compression values obtained at the different stretch levels of
investigated fabrics are exhibited in Table 3.

As it was set in the first part of the experiment, 3.0 V voltage was applied for the EFL1
specimen, 4.0 V for EFL2 and EFL3, 1.8 V for EFH1, 2.0 V for EFH2 and EFH3 to reach the
targeted temperature. The experimental results are presented in Figure 6.

The stretch of the compressive electro-conductive knitted fabric has a significant nega-
tive influence on the heat generation, as shown in Figure 6; however, the heat generation
dynamics during the time have a similar character in both non-stretched and stretched
states. The difference in temperature between non-stretched and 10% stretched states after
600 s was determined to be 1.5 °C for EFL1, 1 °C for EFL2 and EFL3, and this difference
increases the stretch level. In 20% stretch state it is, accordingly, 2.5 °C and 2 °C; in 30%
state—6 °C for EFL1, 3 °C for EFL2, and 3.5 °C for EFL3; in 40% state—accordingly, 7.5 °C,
4 °C, and 5 °C; and the difference in 50% state is, accordingly, 9 °C, 5 °C, and 6 °C. This dif-
ference is also high in EFH group arrangements. Comparing temperatures in non-stretched
and 10% stretched state, the difference is 3 °C for EFH1, 2 °C for EFH2, and 1.5 °C for
EFH3; in 20% state it is, accordingly, 4 °C, 3 °C, and 3 °C; in 30% state—accordingly, 5.5 °C,
4 °C, and 3.5 °C; in 40% state—accordingly, 6.5 °C, 5 °C, and 4.5 °C; and in 50% state the
difference is 8 °C EFH1 and 6 °C for EFH2 and EFH3. The obtained results show that the
target temperature may be not reached when using compression support in the stretched
state required to generate some particular compression. The decrease of temperature
depending on the sample stretch can be explained by the increase in surface area during
stretching, while the amount of electro-conductive yarn in the knitted specimen remains
the same. A complete knit loop is a combined form of a needle loop, which is composed of
a head and two side limbs and a sinker loop. The tensile force counteracts the friction force
that occurs at the contact point between the loops during the stretch of conductive fabric,
and contributes to the displacement of the contact point. Additionally, the yarn’s bending
curvature is altered. Furthermore, due to the movement of the contact points, the length of
the limbs, head, and sinker loop changes. The degree of the movement of the contact points
is reduced as the tensile force further increases, and the contact pressure between the head
and sinker loop rises rapidly. By superposition of the length-related and contact resistance
of the fabric, the resistance of the conductive knitted fabric along the course direction could
be clarified. During the initial stretching process, the contact resistance acts as a decreasing
factor, while the length-related resistance dominates the total equivalent resistance in the
stretching process for the further increase of the tensile force. The heat, lost by radiation
and air convection, is higher during stretching as the area of designed fabrics increases.
Finally, the saturation of heat is achieved between the heat generation and the heat loss in
a lower level compared to the normal state of fabrics [29]. Thus, the stretch effect on heat
generation has to be considered during the development of heated compression supports.

Table 3. Tensile force and corresponding compression at the different stretch levels.
Tensile Force F, N Compression P, kPa
Sample Code
10% 20% 30% 40% 50% 10% 20% 30% 40% 50%
EFL1 6.88 +£0 10.32 £ 0.31 14.45 + 0.65 18.64 £1.33 23.01+192 307 459 644 830 10.25
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3.3. Effect of Washing on Structural and Temperature (T) Characteristics

During the washing process, various stresses may damage the conductive silver coating
from electrically conductive yarns [30]. In order to investigate the influence of washing on
heating changes, the specimens were washed five times and structural and temperature
changes after the first, second, third, and fifth washing and drying cycles were measured.

The shrinkage during laundering is a major concerning point for weft knitted fab-
rics [31]. Knitted fabrics along with elastomeric yarns are stretchable structures that may
change their dimension while exposed to wet processes. The cumulative impact of vari-
ous factors such as relaxing, finishing, drying, and machinery effects are responsible for
shrinkage (a sign “—" symbolizes the sample shrunk, and “+”—the sample lengthened).
All parameters during washing and drying were kept constant for each cycle. Dimensional
changes in longitudinal (wale) and transverse (course) directions after washing and drying
of the investigated fabrics are presented in Figure 7.

As it can be seen in Figure 6, all investigated specimens shrunk after washing and
drying. Shrinkage values in the longitudinal direction are significantly (2-5 times) higher
than in the transverse direction due to the thick (114.5 tex) elastomeric inlay yarn laid
in the course direction. The shrinkage of less than £5% is considered insignificant. As
it can be seen in Figure 6, the transverse shrinkage of all fabrics after the first and even
fifth washing cycles does not exceed —3%. The longitudinal shrinkage after the first and
second washing cycles does not exceed —4%, but after the fifth washing and drying cycle, it
reached —(5.4-6.6)%. The shrinkage is not very high; however, it may influence the surface
resistivity due to the decreased surface area of the sample. Instead of yarn or loop length
shrink, the dimensional changes occurring after laundering were primarily due to changes
in the loop shape. After each washing cycle, the fabrics had taken up their absolutely
relaxed dimensions, there were no major changes that occurred in yarn linear density.
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Results of the temperature changes after washing off the electro-conductive specimens
in the initial, i.e., non-stretched state are presented in Figure 8.

Washing of the compressive electro-conductive knitted fabric has a detrimental influ-
ence on heat generation, as shown in Figure 8. It was found that the difference between
the temperature of non-washed specimen and the first time washed after 600 s is 6 °C for
EFL1, 2.5 °C for EFL2, and 1 °C for EFL3, while this difference after the second washing
cycle is, accordingly, 8 °C, 5 °C, and 4.5 °C; after the third washing cycle—9 °C, 6.5 °C,
and 6.5 °C; and after the fifth washing cycle is, accordingly, 12 °C, 8 °C, and 7 °C. For
EFH group structures, this difference between temperatures of the non-washed and the
first-time washed fabrics is 1 °C for EFH1, 0.5 °C for EFH2, and 1.5 °C for EFH3; after the
second washing cycle it is, accordingly, 2.5 °C, 4 °C, and 3.5 °C; after the third washing
cycle—accordingly, 4 °C, 6.5 °C, and 5.5 °C; and after the fifth washing cycle the difference
is, accordingly, 6 °C, 9 °C, and 6.5 °C. This phenomenon can be explained by the removal
of the conductive coating from the yarn.
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Figure 8. Temperature changes of EFL1, EFL2, EFL3, EFH1, EFH2, and EFH3 structured electro-
conductive fabric during the 600 s period before washing and after different wash cycles: 1st, 2nd,
3rd, 5th.

The experimental results showed that despite the chosen plated structure, the protec-
tion efficiency against damaging impact during laundering is not sufficient enough. In fact,
water with detergent penetrates by diffusion or other capillary processes mechanical pro-
tections (realized by plating with non-conductive yarns), and after penetration, it damages
the silver coating of the conductive yarns. Due to the removal of silver particles, the flow
of electricity was interrupted, and resistance got higher. Silver coated polyamide yarns can
be and often are protected within e-textile structures by bridging simple non-conductive
yarns over them. Nevertheless, this protection is effective against mechanical impacts
(abrasion) during laundering, but it does not protect conductive yarns against water and
chemical impact, especially after several washing cycles [32]. In Figure 9, SEM images
of the knitted structure of the electro-conductive compression specimen are presented,
which demonstrate that electro-conductive yarn, laid in the plated structure as the ground
yarn, in some places goes up into the fabric surface (this could happen because of uneven
yarn tension during the knitting of plated structure) and may be mechanically damaged.
Therefore, to ensure conductivity in the entire length of the yarn, multifilament yarns are
used. Electro-conductive yarns or at least individual filaments of the yarn, being in the



Materials 2021, 14,

6780

16 of 22

= Hv
= 10.00 kv

mag o spot
150 x 34 9.0mm LFD 1.71 mm 0 ° Quanta 200 FEG

(a) (b)

WD

det

inner structure of the knit and covered by the plating yarn, are protected from the main
mechanical impacts, such as abrasion.

HFW il 500 um

Figure 9. SEM images of specimens knitted with electro-conductive yarn: (a) 150x and (b) 500 x magnification before wash.

SEM images of EFL and EFH specimens after different numbers of washing and
drying cycles are shown in Figure 10 and demonstrate the increasingly growing area of
damages on the surface of the conductive coating.

Immersion in liquids causes the yarn to experience some surface damages. This
damage affects the silver-plated layer of the yarn and eventually affects the conductivity
of the yarn present in the fabric structure if the silver coating is damaged. Removal of
silver directly affects the resistance, and it increases because the number of charge-carrying
particles decreases. Consequently, the temperature generated on the fabric surface is
lower than before washing. However, the removal of silver coating from the particular
points of the filaments in the yarn is not in an entire length and this ensures continuous
conductivity. The electrical resistance of the knitted fabric is collectively contributed by the
inter-connection of the conductive yarns within the fabric [33].

Resistance values of all specimens fabricated with different layouts of the electro-
conductive yarn in the knitting pattern before and after washing were measured and are
presented in Figure 11.

As it can be seen from the presented results, the resistance increases after each washing
cycle as the quantity of conductive particles, their mutual distance, and the area of contact
between the particles has been changed during washing. The resistance of the knitted
fabrics is very sensitive to the quantity of conductive yarns in the structure and the quantity
of the conductive particles on the yarns. Resistance rises gradually with the decrease of
the area of the conductive surface on the electro-conductive yarn in the knitting pattern.
The obtained outcomes denote that the knitting structure, linear density of conductive
yarn used, and the number of washing cycles have an influence on the fabric resistance.
The EFH group of knits demonstrates lower resistance in comparison with the EFL group
because of the higher linear density of the electro-conductive yarn and a higher number of
filaments in the yarn. Consequently, changes in the resistance of EFH group fabrics after
washing are much less in comparison with EFL group fabrics.

To uncover the control of the stretching effect on the temperature generation after
washing, the washed specimens were stretched to 30%. The obtained results are presented
in Figure 12.
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Figure 10. SEM images of electro-conductive yarns in EFL and EFH group fabrics after 1st, 3rd, and 5th washing cycles
(500 x magnification).
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Figure 11. Resistance of EFL1, EFL2, EFL3, EFH1, EFH2, and EFH3 structured electro-conductive fabrics before and after
different numbers of washing and drying cycles.

As shown by the results in Figures 8 and 12, the heat generation dynamics during the
time have a similar character in both non-stretched and stretched states. However, at the 30%
stretched state, the influence of washing on the decrease of temperature is approximately
1 °C lower in comparison with the same specimens in a non-stretched state. Anyway, the
washed specimens did not reach the 40 °C temperature even after 10 min, while non-washed
and non-stretched fabrics reached this temperature in approximately 2-3 min. Thus, the
possible heating changes due to the stretching and washing impacts must be taken into
consideration during the designing phase of the heated compression knits.

EFL1

wn
o

S
o
| ¢ B3
>y X
> X
< %
> %
<D X%
<D X%
OED*
O X
D X
PO X
PO X%
O D %
PO X%
POED X
OED
D X<
pCED X<
D
D X%

Temperature (7), °C
N w
o o

10

0 100 200 300 400 500 600
Time ¢, s

X0 @1 H2 ©3 A5

Figure 12. Cont.



Materials 2021, 14, 6780 19 of 22

EFL2

Ul
o

S L LT LT

ﬂﬁﬁ

Temperature (7), °C
w
o

20
10
0 100 200 300 400 500 600
Time ¢, s
X0 @1 H2 O3 A5
EFL3
50

Temperature (7), °C
3
>
PED*
| 20
[ g0 3
| g ]
[ > ]
| > 3

20
10
0 100 200 300 400 500 600
Time ¢, s
X0 @1 W2 O3 AS
EFH1
50

D
o

TPCLLLLILLILLEL L

Temperature (7), °C
N w
o o

[
o
o

100 200 300 400 500 600
Time ¢, s

X0 @1 W2 O3 A5

Figure 12. Cont.



Materials 2021, 14, 6780

20 of 22

EFH2
50
$
~ 40
g sbssseb88888¢
< ¥ *‘*g 111
iR R0ReaRoRRRRRRY
POy 111 L LEEL
£ 20
o
H
10
0 100 200 300 400 500 600
Time ¢, s
X0 @1 H2 O3 A5
EFH3
50

N
S

§g§§!§§§§§§ﬁﬁﬁﬁiiiﬁiii!!!!!

Temperature (7), °C
[\ w
[«] (e

—_
S

0 100 200 300 400 500 600
Time t, s

X0 @1 W2 O3 A5

Figure 12. Temperature changes of EFL1, EFL2, EFL3, EFH1, EFH2, and EFH3 structured electro-
conductive fabric during the 600 s period before and after different washing cycles (1, 2, 3, 5) at
30% stretch.

4. Conclusions

The presented work revealed possibilities to use electrically conductive textile for
heat generation in orthopaedic compression supports. Silver coated polyamide yarns were
knitted following a combined half-Milano rib structure plated by the PA6.6 yarn to secure it
from mechanical abrasion. The temperature of the developed samples rises rapidly for the
first minute, then slows down afterward. The relatively stable 40 °C heating temperature
was reached in approximately 2-3 min depending on specimen structure and voltage
applied. The higher linear density of the conductive yarn requires a lower voltage to reach
the required temperature.

It was obtained that due to the increase of the surface area, the stretch of the specimen
has a negative impact on heat generation. After 600 s heating period, 50% stretch resulted
in approximately 8 °C decrease in the final temperature of the specimens with the highest
density of the electro-conductive yarns in the structure (EFL1 and EFH1), while for fabrics
with the twice lower amount of electro-conductive yarns in the structure (EFL2, EFH2, and
EFL3, EFH3) this decrease was 4-6 °C. The same tendency was observed at all stretch levels.
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A negative effect of washing on heat generation was observed, too. Removal of silver
coatings during the washing directly affects the resistance. It increases and, consequently,
the temperature generated on the fabric surface is lower than before washing. However,
a partial removal of silver coating from the yarn retained the electrical conductivity. The
electrical resistance of the knitted fabric is collectively contributed by the inter-connection
of the conductive yarns within the fabric. The decrease of temperature of fabrics with
the highest density of electro-conductive yarn in the knitting structure (EFL1 and EFH1)
was significantly higher after each washing cycle in comparison with the fabrics with the
twice lower amount of electro-conductive yarns in the structure (EFL2, EFH2, and EFL3,
EFH3). However, at the 30% stretched state, the influence of washing on the decrease
of temperature is approximately 1 °C lower in comparison with the temperature of the
fabrics in a non-stretched state. Thus, the possible heating changes due to the stretching
and washing impacts must be taken into account during the designing phase of the heated
compression knits.

In the next research phase, the authors will investigate the possibilities of heating
temperature regulation due to structural and morphological changes under stretching
and washing impact to improve the performance of the knit compression garments for
orthopaedic applications.

Author Contributions: Conceptualization, M.R.R. and D.M.; methodology, M.R.R. and D.M.; soft-
ware, M.RR,, G.L. and D.M.; validation, M.R.R. and D.M.; formal analysis, M.R.R. and D.M.;
investigation, M.R.R., G.L. and D.M.; resources, G.L. and D.M.; data curation, M.R.R. and D.M.;
writing—original draft preparation, M.R.R. and D.M.; writing—review and editing, M.R.R., G.L.
and D.M.; visualization, M.R.R. and D.M.; supervision, D.M.; project administration, D.M.; funding
acquisition, G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Social Fund under the No 09.3.3-LMT-K-
712 “Development of Competences of Scientists, other Researchers and Students through Practical
Research Activities” measure.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, P; Tao, X,; Leung, M.Y.; Zhang, H. Electromechanical properties of conductive fibres, yarns and fabrics. Wearable Electron.
Photonics 2005, 81, 81-104. [CrossRef]

2. Cherenack, K.; Van Pieterson, L. Smart textiles: Challenges and opportunities. ]. Appl. Phys. 2012, 112, 091301. [CrossRef]

3. Fang, Y.; Chen, G.; Bick, M.; Chen, J. Smart textiles for personalized thermoregulation. Chem. Soc. Rev. 2021, 50, 9357-9374.
[CrossRef] [PubMed]

4. Jin, LS, Lee, J.U,; Jung, ].W. A facile solution engineering of PEDOT: PSS-Coated conductive textiles for wearable heater
applications. Polymers 2021, 13, 945. [CrossRef]

5. Lazar, K. Application of knitted fabrics in technical and medical textiles. In Proceedings of the 45th International Congress (IFKT),
Ljubljana, Slovenia, 27-29 May 2010; pp. 1-6.

6.  Guptaa, D. Functional clothing-definition and classification. Indian J. Fibre Text. Res. 2011, 36, 312-326.

7. Mikutioniené, D.; Milasiate, L. Influence of knitted orthopaedic support construction on compression generated by the support.
J. Ind. Text. 2017, 47, 551-566. [CrossRef]

8.  Alisauskiene, D.; Mikuéioniene, D.; Milasiute, L. Influence of inlay-yarn properties and insertion density on the compression
properties of knitted orthopaedic supports. Fibres Text. East. Eur. 2013, 21, 74-78.

9.  Cheng, Z.; Kuzmichev, V.E.; Adolphe, D.C. Development of knitted materials selection for compression underwear. Autex Res. J.
2017,17,177-187. [CrossRef]

10. Cieslak, M.; Karaszewska, A.; Gromadziriska, E.; Jasifiska, I.; Kamiriska, I. Comparison of methods for measurement of the
pressure exerted by knitted fabrics. Text. Res. J. 2017, 87, 2117-2126. [CrossRef]

11. Liu, R; Guo, X,; Lao, T.T,; Little, T. A critical review on compression textiles for compression therapy: Textile-based compression

interventions for chronic venous insufficiency. Text. Res. J. 2017, 87, 1121-1141. [CrossRef]


http://doi.org/10.1533/9781845690441.81
http://doi.org/10.1063/1.4742728
http://doi.org/10.1039/D1CS00003A
http://www.ncbi.nlm.nih.gov/pubmed/34296235
http://doi.org/10.3390/polym13060945
http://doi.org/10.1177/1528083716661205
http://doi.org/10.1515/aut-2016-0006
http://doi.org/10.1177/0040517516665255
http://doi.org/10.1177/0040517516646041

Materials 2021, 14, 6780 22 of 22

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.

31.

32.

33.

Muraliene, L.; Buroke, E.; Mikucioniene, D. Influence of stabilization and short-term relaxation to compression generated by
stocking welt. |. Text. Inst. 2019, 110, 1687-1694. [CrossRef]

Zhang, X.; Ma, P. Application of Knitting Structure Textiles in Medical Areas. Autex Res. ]. 2018, 18, 181-191. [CrossRef]

Tiwari, S.K.; Fei, PT.C.; McLaren, ].D. A pilot study: Evaluating the influence of knitting patterns and densities on fabric properties
for sports applications. Procedia Eng. 2013, 60, 373-377. [CrossRef]

Zhang, L.; Sun, G.; Li, J.; Chen, Y.; Chen, X.; Gao, W.; Hu, W. The structure and pressure characteristics of graduated compression
stockings: Experimental and numerical study. Text. Res. . 2019, 89, 5218-5225. [CrossRef]

Abramaviciute, J.; Mikucioniene, D.; Ciukas, R. Structure properties of knits from natural yarns and their combination with
elastane and polyamide threads. Medziagotyra 2011, 17, 43—46. [CrossRef]

Wang, L. Study of Properties of Medical Compression Fabrics. ]. Fiber Bioeng. Inform. 2011, 4, 15-22. [CrossRef]

Brazaitis, M.; Paulauskas, H.; Eimantas, N.; Daniuseviciute, L.; Volungevicius, G.; Skurvydas, A. Motor performance is preserved
in healthy aged adults following severe whole-body hyperthermia. Int. J. Hyperth. 2019, 36, 65-74. [CrossRef] [PubMed]
Hunter, S.D.; Dhindsa, M.S.; Cunningham, E.; Tarumi, T.; Alkatan, M.; Nualnim, N.; Tanaka, H. Impact of Hot Yoga on Arterial
Stiffness and Quality of Life in Overweight/Obese Adults. J. Phys. Act. Health 2016, 13, 1360-1363. [CrossRef]

Ali, A.; Baheti, V.; Militky, J.; Khan, Z.; Gilani, S.Q.Z. Comparative Performance of Copper and Silver Coated Stretchable Fabrics.
Fibers Polym. 2018, 19, 607-619. [CrossRef]

Calmbach, W.L.; Hutchens, M. Evaluation of patients presenting with knee pain: Part II. Differential diagnosis. Am. Fam. Physician
2003, 68, 917-922.

Droval, G.; Glouannec, P; Feller, ].E; Salagnac, P. Simulation of electrical and thermal behavior of conductive polymer composites
heating elements. |. Thermophys. Heat Transf. 2005, 19, 375-381. [CrossRef]

Han, X;; Yang, D.; Yang, C.; Spintzyk, S.; Scheideler, L.; Li, P.; Li, D.; Geis-Gerstorfer, J.; Rupp, F. Carbon fiber reinforced PEEK
composites based on 3D-printing technology for orthopedic and dental applications. J. Clin. Med. 2019, 8, 240. [CrossRef]
Kayacan, O.; Bulgun, E.; Sahin, O. Implementation of Steel-based Fabric Panels in a Heated Garment Design. Text. Res. J. 2009, 79,
1427-1437. [CrossRef]

Kayacan, O.; Bulgun, E.Y. Heating behaviors of metallic textile structures. Int. J. Cloth. Sci. Technol. 2009, 21, 127-136. [CrossRef]
Stygiené, L.; Varnaite-Z Uravliova, S.; Abraitiené, A.; Padleckiene, 1; Krauledas, S. Investigation of Textile Heating Element in
Simulated Wearing Conditions. Autex Res. J. 2020, 21. [CrossRef]

Shahzad, A.; Jabbar, A.; Irfan, M.; Qadir, M.B.; Ahmad, Z. Electrical resistive heating characterization of conductive hybrid staple
spun yarns. J. Text. Inst. 2020, 111, 1481-1488. [CrossRef]

Huang, Q.; Wang, D.; Zheng, Z. Textile-Based Electrochemical Energy Storage Devices. Adv. Energy Mater. 2016, 6. [CrossRef]
Repon, M.R.; Mikucioniené, D.; Baltina, I.; Bltims, J.; Laureckiene, G. Ag Coated Pa-Based Electro-Conductive Knitted Fabrics for
Heat Generation in Compression Supports. Autex Res. J. 2021, 1-9. [CrossRef]

Rotzler, S.; Kallmayer, C.; Dils, C.; von Krshiwoblozki, M.; Bauer, U.; Schneider-Ramelow, M. Improving the washability of
smart textiles: Influence of different washing conditions on textile integrated conductor tracks. J. Text. Inst. 2020, 111, 1766-1777.
[CrossRef]

Tvarijonavi¢iene, B.; Mikuéioniene, D.; Ciukas, R. Influence of knitting process conditions and washing on tensile characteristics
of knitted ribbon yarns. Fibres Text. East. Eur. 2005, 13, 74-77.

Tadesse, M.G.; Mengistie, D.A.; Chen, Y.; Wang, L.; Loghin, C.; Nierstrasz, V. Electrically conductive highly elastic polyamide/lycra
fabric treated with PEDOT:PSS and polyurethane. ]. Mater. Sci. 2019, 54, 9591-9602. [CrossRef]

Tadesse, M.G.; Loghin, C.; Chen, Y.; Wang, L.; Catalin, D.; Nierstrasz, V. Effect of liquid immersion of PEDOT: PSS-coated
polyester fabric on surface resistance and wettability. Smart Mater. Struct. 2017, 26. [CrossRef]


http://doi.org/10.1080/00405000.2019.1619291
http://doi.org/10.1515/aut-2017-0019
http://doi.org/10.1016/j.proeng.2013.07.060
http://doi.org/10.1177/0040517519855319
http://doi.org/10.5755/j01.ms.17.1.247
http://doi.org/10.3993/jfbi04201102
http://doi.org/10.1080/02656736.2018.1533650
http://www.ncbi.nlm.nih.gov/pubmed/30484343
http://doi.org/10.1123/jpah.2016-0170
http://doi.org/10.1007/s12221-018-7917-5
http://doi.org/10.2514/1.12718
http://doi.org/10.3390/jcm8020240
http://doi.org/10.1177/0040517508101458
http://doi.org/10.1108/09556220910933853
http://doi.org/10.2478/aut-2019-0080
http://doi.org/10.1080/00405000.2019.1705459
http://doi.org/10.1002/aenm.201600783
http://doi.org/10.2478/aut-2020-0061
http://doi.org/10.1080/00405000.2020.1729056
http://doi.org/10.1007/s10853-019-03519-3
http://doi.org/10.1088/1361-665X/aa6f25

	Introduction 
	Experimental Design 
	Results and Discussion 
	Voltage (V) Optimization for Target Temperature (T) 
	Effect of Elongation () on Temperature (T) Characteristics 
	Effect of Washing on Structural and Temperature (T) Characteristics 

	Conclusions 
	References

