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ABSTRACT

E-textiles for wearable applications utilize textile structures, including knitting, weaving, and
nonwoven fabrics, due to their excellent flexibility, breathability, and compatibility with the
human body. Knitted-based wearable heaters, known for their flexibility and comfort, are gaining
popularity as an innovative approach in thermotherapy applications. However, existing literature
on textile-based wearable heaters has primarily focused on surface coatings of conductive
materials, which often compromise the comfort and stretchability of the fabric, highlighting the
need for more integrated and user-friendly approaches in the design and development of textile-
based wearable heating solutions. In prior literature, conductive yarn integrated heaters are
constructed using parallel configurations and rely on simple knitting structures such as single
jersey, rib, and interlock to optimize the performance of heating fabrics. Furthermore, the literature
lacks detailed characterization of conductive yarns specifically for heating applications. To address
these limitations, the present research focuses on the comprehensive electrothermal

characterization of conductive yarn-integrated knitted-based heaters for wearable applications.

In this study, the electrothermal and mechanical properties of stainless steel (SS) and silver-coated
(SC) yarns were analyzed to evaluate their long-term durability and feasibility for use in knitted-
based heating textiles. The yarn was prepared separately using the commercially available silver-
coated nylon and stainless-steel filament on the two-for-one (TFO) machine. SC yarn offers
superior heating performance over SS yarn due to its low resistance, but its long-term durability,
washability, and thermal stability are lower than SS yarn. The SS yarn is thermally stable up to 70
°C with minimal resistance change. However, the resistance of SC yarn increased by 81.12%, and

Vv



the average temperature was reduced by 23.23% due to the oxidation of silver in an open
environment after exposure for 50 days. The localized heating pad was designed using SC and SS
cabled yarn. The temperature of the SC-based pad was 37.5 °C, while the temperature of the SS-

based pad was 34.3 °C at a 9 VV DC power supply.

Further, a simple rib knitting structure was used to fabricate the heating pad using stainless steel
yarn and cotton yarn on the V-bed knitting machine with 14-gauge needles arrangement. The
effectiveness of a parallel-based heating fabric was examined, utilizing three varied electrodes:
copper (Cu), silver (Ag), and 85% Cu-15% Ni-coated woven fabrics. The Cu—Ni-coated fabric
electrode, with its low surface resistivity of 0.061 Q/square, is more suitable for parallel heating
pad designs due to its superior charge-transfer efficiency. The parallel (P-CNKF-parallel with
copper and nickel-coated electrode as the bus bar) and series-based heating pad could be heated
up to 47 and 26 °C, respectively, at 9 V DC power source in the standard environment (20 °C and
65% RH) condition. Various insulating layers were placed over the parallel-based heating pad (P-
CNKEF), producing samples such as S1 (air-heating textile-air), S2 (lining-heating textile-lining),
S3 (lining-fleece-heating textile-fleece), and S4 (lining-terry-heating textile-terry). The findings
showed that samples S2, S3, and S4 demonstrated surface temperatures that were 17, 33, and 27%
higher, respectively, compared to a heating pad without insulation. The findings suggest that using
fleece-knitted insulation layers can boost the performance of heating pads, enabling their use in
thermotherapy for joint and muscle pain, with reduced power consumption. However, A surface
temperature of 28 °C can be maintained using a series-based heating pad with just 3 W of power,
while a parallel-based heating textile requires 5 W. This demonstrates that the series-based heating

textile is more efficient, requiring less power for the same temperature maintenance.
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To optimize the performance of the series-based heater, modifications were implemented in the
active region by adjusting various knitting structural parameters such as knit, float, and tuckFour
distinct knit-based heating pad designs were developed: 3R (three courses of knit), 3T (three
courses of tuck), 3F (three courses of float), and FTF (first course float, second course tuck, and
third course float). In comparison to the 3R structure, the surface temperature of the 3F and FTF
knitted heating pads increased by 38.2 and 23%, respectively. The 3F knitted structure also
exhibited the least temperature change due to float in the structure, which is 10.60 at a 60%
extension level. The effect of relative humidity levels of 20, 40, 60, and 80% and surrounding
temperatures of 20, 30, 40, and 50 °C with and without airflow on the efficiency of the 3F heating
pad is investigated. No significant difference was found during the analysis of the surface
temperature at various relative humidities. However, high surrounding temperature has a

significant effect on the heating pad due to its diminished ability to transfer heat to its surroundings.

Additionally, the study examined the durability and comfort characteristics of knitted heating
textiles, focusing on their long-term performance and practical usability in real-world conditions.
The 3F sample exhibited the highest thermal resistance, air permeability, and water vapor
permeability due to its structural characteristics. Flexural rigidity was lower in the course direction
compared to the wale direction, providing greater flexibility and easier bending in the course
direction of heating textiles. Moreover, after six washing cycles, surface temperature reductions
of 10.31% (3R), 12.21% (3 T), 8.85% (3F), and 9.12% (FTF) were recorded. Bending cycles,
perspiration, and detergent exposure showed no notable effects. However, in the 3 T structure,

loosely bound fibers resulted in significant fiber breakage, leading to an 8.92% temperature change
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following 5000 abrasion cycles. This research provides valuable insights into the characterization,
optimization, and development of knitted heating textiles, highlighting their durability, comfort

properties, and practical applicability.
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