
INTRODUCTION 
Thermotherapy encompasses an advanced regimen for the 
amelioration of pain, mitigation of inflammatory responses, 
and expeditious wound healing, achieved by the deliberate 
application of heat through a multifarious array of techniques. 
Beyond the commonplace utilization of hot packs and heated 
water compresses, a panoply of innovative and specialized 
heat-delivery methodologies is available for the purpose of 
therapeutic intervention.1 From the plethora of available heat 
delivery modalities, our discerning choice gravitates toward 

expeditious heat application and impeccable uniformity in heat 
dispersion across the treatment area. Our selected approach 
not only expedites the warming process but also guarantees 
precision in delivering heat to the critical regions where 
unobstructed blood flow is imperative. Numerous thermally 
and electrically conductive materials and elements are 
employed with the primary purpose of generating controlled 
heat to expedite the wound-healing process and alleviate 
inflammation. The secondary objective of this heating method 
is to emit heat in the form of controlled waveforms or radiation, 
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while ensuring absolute safety and compatibility with various 
materials, without any adverse effects on the human body.2 The 
exceptional attributes of carbon have directed our attention 
toward fibre materials derived from carbon through diverse 
processes, transforming them into microscopic crystal fibers 
characterized by robust intermolecular bonds.3
Carbon fibers are meticulously crafted from polyacrylonitrile 
(PAN) filaments, showcasing extraordinary attributes. These 
fibers possess a low density, an impressive strength-to-weight 
ratio, robust mechanical integrity, and exceptional resistance 
to chemical degradation.4 The yarn is stratified into multiple 
grades, delineated by the filament count within each tow, 
spanning from 3K to 48K filaments, each manifesting unique 
behavior in response to electrical power. For our research 
endeavors, we have opted to employ carbon yarns of the 
12k and 24k grades.3 Upon connecting the carbon yarn to 
the power supply, the carbon molecules within the heater 
undergo dynamic interactions, resulting in the phenomenon of 
“Brownian motion.”5 The heat generated from these molecular 
collisions is primarily transmitted through the avenues of 
thermal convection and radiant energy transfer.6 One of the 
paramount safety advantages associated with heat therapy 
employing these yarns is their non-invasive nature, as they 
emit heat in the form of far-infrared radiation, a modality 
known for its inherent benefits to human well-being, without 
any harmful effects. 

Analogous to resistive metals, which produce a periodic 
electromagnetic wave field upon being electrified due to 
their inherent properties as heating elements,7 responsible 
for the radiative heat release we previously discussed as a 
means of ensuring even heat distribution, our carbon yarn 
similarly possesses this property when subjected to electrical 
activation. The fundamental principles of physics8 governing 
the interplay between electrical current, resistance, length, and 
thickness provide a foundational framework to elucidate the 
behavior of carbon in response to a power supply, leveraging 
the characteristics we discussed earlier.9 Standardized testing 
of carbon yarn samples, sharing identical thickness but 
representing two distinct grades namely, 12k and 24k was 
undertaken using lengths of 7, 12, and 16 cm. These specimens 
were subjected to a 12v power supply, with the current varying 
across a range from 0.1 to 1 Amp for comprehensive assessment. 
The temperature variations induced by electrification were 
meticulously monitored utilizing an infrared (IR) thermometer. 
In addition to individual tests, we conducted experiments 
by configuring the carbon yarn in both series and parallel 
connections, all under the constant application of 12 V with 
varying current levels, to comprehensively assess their 
performance.

The core objective of this application is the investigation of 
heat release characteristics exhibited by carbon fiber electric 
heating wires. In the arena of thermal testing methodologies, 
global scholars have harnessed the power of digital holographic 
interferometry (DHI) to meticulously examine crucial heat 
transfer parameters. Notably, in the research conducted by 
Kumar,10,11 a deep dive was undertaken to measure the local 

convective heat transfer coefficient (h) along the surface of 
vertically oriented electrically heated wires, employing DHI. 
This comprehensive experimentation encompassed wires of 
varying diameters, and the acquired data consistently fell 
within the established range delineated in prior literature. 
Furthermore, the research extended its purview to the 
measurement of local heat flux Q(y) and convective heat 
transfer coefficient (hc) along the surface of electrically 
heated wires, again leveraging DHI. These investigations 
involved tungsten wires with differing diameters. In addition, 
supplementary studies presented their findings on experimental 
inquiries related to the heat dissipation processes of plate-fin 
heat sinks, all examined through the lens of DHI. Additionally, 
Masashi Ishikawa’s12 work delved into the realm of active 
thermographic non-destructive inspection, employing 
innovative laser scanning methodologies for a fresh perspective 
on this subject matter. 

 While a multitude of scholars have extensively researched 
carbon fiber materials and their diverse applications, 
a noticeable gap exists when it comes to exploring the 
thermal applications of electrified carbon fibre materials, 
particularly in relation to the performance nuances among 
carbon grades that, while serving similar functions, exhibit 
distinctive outcomes during testing. Furthermore, the intricate 
relationship between the temperature response of carbon fiber 
materials to electrical stimulation, particularly concerning 
varying lengths, remains conspicuously underrepresented in 
existing literature.13 This knowledge void becomes especially 
pertinent when considering the utilization of carbon yarn in 
diverse temperature environments for the optimization of 
thermal comfort. As a result, we embarked on an experimental 
investigation to scrutinize the exothermic behavior of carbon 
yarn, filling a notable void in the scholarly discourse.

MATERIAL AND METHODS 
In this experiment the carbon fibre yarn of 12k and 24k grades 
with various length range from 7 to 16 cm had opted for the 
test and the parameters for electrifying the yarn taken are as 
follows:
•	 Length of yarn
•	 Temperature 
•	 Voltage 
•	 Current
•	 Resistance
•	 Thickness

TESTING METHODOLOGY
Our experimental configuration involved the connection of 
carbon yarns of differing lengths to a power supply. These 
yarns were situated atop a paper surface. In order to capture 
the temperature dynamics comprehensively, we strategically 
positioned infrared (IR) thermometers to monitor and record 
temperature variations both on the paper’s surface and along 
the length of the yarn.14 This setup allowed us to gain valuable 
insights into the thermal behavior of both the carbon yarn and 
its immediate environment.
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Measurements 
Our study encompassed a thorough investigation of heating 
power, surface temperature, and power consumption attributes 
for carbon yarns featuring different tows (12k and 24k) and 
varying lengths (ranging from 7 to 16cm). This examination 
aimed to discern the factors contributing to achieving elevated 
temperatures under specific voltage and current parameters
Measuring Instruments 
For our research, we harnessed the capabilities of a power 
supply unit equipped with voltage and current parameter 
measuring features, specifically the Keithley 2231a-30-3 
Triple Channel Dc Power Supply. In addition, we utilized a 
K type thermoelectric couple thermometer in tandem with a 
temperature measuring probe and an IR thermometer (Fluke 62 
MAX+ IR thermometer) to comprehensively monitor both yarn 
and surface temperatures. Notably, to maintain the precision 
and reliability of our data, we rigorously calibrated all of these 
instruments prior to commencing our experiments.
Procedure
The carbon fiber yarns of varying lengths were meticulously 
positioned atop a flat sheet of paper, with each yarn having an 
individual connection to the power supply, as illustrated in 
Figure 1. To facilitate our measurements, testing instruments 
were interconnected for data collection. A thermocouple was 
employed to record temperature fluctuations resulting from 
changes in power supply voltage and current in amperes, and 
these measurements were taken at multiple points along the 
length of the carbon fiber yarn.15 These measurement points 
were evenly distributed across the yarn’s length to ensure 
comprehensive data collection. Concurrently, an infrared 
(IR) thermometer was deployed to assess the distribution of 
temperature effects in the surrounding area of the carbon yarn 
on the sheet.

The schematic in the provided figure illustrates the 
independent connections of carbon yarn fibers to the power 
supply unit and thermocouples for precise temperature 
monitoring. We systematically manipulated the current 
input to investigate its influence on varying voltage levels. 
Moreover, we introduced a time component to evaluate the 
yarn’s heating speed in response to increasing current and 
its ability to maintain a stable temperature for approximately 
20 to 30 minutes. Subsequently, as we powered down the 
supply, we recorded the temperature drop back to ambient 
room temperature. This extensive dataset was collected and 
subjected to thorough analysis

Parameters 
The parameters of carbon fibre yarn and its properties of 
different grade are list in the Table 1.
Boundary Conditions And Governing Equations
The conductivity of carbon fiber depends on the parameters 
of length, thickness, resistance offered. According to ohm law 

Here as the length increases resistance to conductivity 
increases.
Ohm’s law also states that 

As the length of an electrical conductor increases, a 
corresponding voltage increment is necessary to sustain the 
desired output. Likewise, a lengthened conductor generally 
necessitates an increase in current to achieve the intended 
performance level.15 Furthermore, the electrical conductivity 
and current consumption are both modulated by the conductor’s 
length and thickness. This interplay ultimately dictates the rate 
of heat dissipation when current is introduced.
Heat dissipation is given by:

This equation, succinctly encapsulates the direct proportionality 
between power dissipation (P) in a resistor and two critical 
variables: the square of the current (I) flowing through it 
and the resistance (R) it offers. It elegantly illustrates the 
fundamental principle that when electric current traverses 
a resistor, it invariably generates heat. The quantity of heat 
produced is intricately tied to the magnitude of the current 
and the resistance intrinsic to the component.

When electricity is applied to carbon fiber yarn, it expels 
heat through a combination of thermal convection and 
radiation. Consequently, boundary conditions are meticulously 
configured in alignment with the principles of thermal 
convection and radiation.14 The governing boundary equation 
for surface radiative heat transfer is articulated as follows:

Here, we have qr representing the radiative heat flux, ε as the 
emissivity of the material, σ as the thermal radiation constant of 
the blackbody, Ts for the surface temperature of the launching 
surface, and Tw for the wall temperature. The boundary 
equation for convective heat flux is expressed as follows:

where qc is the convective heat flux, h is the convective heat 
transfer coefficient, and Ta is the air temperature.

In the context of the experiment, we strategically choose 
the length and thickness of the carbon yarn based on the 

Fig 1: Represents the carbon fibre yarn connected to power supply unit 
of a) 7 cm length b)12 cm length. The point on fibre length is reference 

point for temperature measurement by thermocouple
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equations provided. This selection was made with the goal of 
enhancing thermal therapy, seeking to achieve efficient heat 
dissipation while minimizing power consumption. Both grades 
of the material, differing in length, were carefully selected and 
connected to a power source. They were positioned on a sheet 
surface, and the dispersion of heat in the surrounding area was 
observed using an IR thermometer.

RESULTS
The surface temperature of the carbon yarn was scrupulously 
scrutinized as it underwent electrification, with nuanced 
variations in current input under the steadfast presence of 
a consistent voltage, all within a predetermined temporal 
threshold. In strict adherence to the aforementioned boundary 
parameters, we assiduously documented the empirical data, 
thereby establishing the groundwork for an exhaustive and 
intricately detailed comparative analysis.

Figure 2 visually illustrates the comparative analysis 
between the 12K and 24K grade carbon yarn. These two 
grades exhibit distinct thermal conductivity behaviors when 
connected to a power supply. The conductivity of both yarn 
types allows for a temperature range spanning from 30 to 
120°C under the influence of a 1 Amp electric supply.

Figure 3, we delve into a thorough comparative analysis 
of the electrical conductivity characteristics exhibited by both 
12K and 24K grade carbon yarns. Throughout these tests, a 
diverse array of yarn lengths were subjected to a constant 
voltage while the current was varied. An intriguing pattern 
emerges: the temperature of the yarn directly responds to 
changes in the power supply. Furthermore, a consistent 
trend prevails, where an increase in yarn length yields a 
commensurate rise in temperature, all within the context of 
a constant voltage and uniform current across the spectrum 
of yarn samples. As an exemplar, when electrifying a 16cm 

length of 12K carbon yarn, it undergoes a rapid temperature 
surge from ambient conditions to 80°C within an impressively 
brief interval of 30 to 40 seconds, all under a 0.8 Amp power 
supply.16 Furthermore, upon deactivation of the power supply, 
the yarn efficiently reverts to ambient temperature in less than 
60 seconds. Most notably, the yarn achieves stabilization 
at a consistent temperature of 85 ± 4°C within a mere 
2-minute timeframe, sustaining this thermal equilibrium for 
a continuous 20-minute duration. It’s worth emphasizing the 
yarn’s commendable radiative heat dissipation at the applied 
surface and throughout its immediate vicinity. Similarly, the 
24K grade carbon yarn underwent an experiment of equal 
voltage and length, resulting in a temperature increase to 68 
± 3°C in under 2 minutes. Remarkably, this stable temperature 
was maintained consistently for a continuous 20-minute period. 
Notably, when the power supply was turned off, the cooling rate 
closely paralleled that of the 12K grade yarn. The experimental 
data across various yarn lengths (7cm, 12cm, and 16cm) 
revealed distinct temperature elevations for each applied power 
supply, throughout the experiments, it became evident that the 
heating rates for the designated lengths displayed the following 
values: 80, 76, and 73°C/minute for the 12K grade yarn, while 
the 24K grade yarn exhibited rates of 65, 63, and 58°C/minute 
for the same lengths. This observation highlights a discernible 
pattern wherein an increase in yarn length corresponds to a 
reduction in the heating rate, even when the yarns belong to 
the same tow and share the same grade of carbon material. 
These results underscore the unique feature of this yarn—it 
exhibits exceptional rapid heating and cooling characteristics 
while operating with minimal power consumption. This quality 
makes it an ideal choice for applications in thermal therapy 
and wearable comfort, effortlessly powered by direct current 
(DC) voltage.

The surface stabilization temperatures of carbon fibre 
yarn, varying in tows and lengths (7, 12, and 16 cm), revealed 

Table 1: properties of different grade carbon fibre yarn

Fiber type Number of 
filaments

Yield tex 
(g/1000m)

Tensile strength Tensile modulus Elongation 
(%) 

Density
(g/cm3)

Filament 
diameter (µ)Ksi MPa Msi GPa

TC-36s 12K 12000 800 710 4900 36 250 2.0 1.81 7
TC-36s 24K 24000 1600 710 4900 36 250 2.0 1.81 7

Figure 2: The comparison between the 12K and 24K grade carbon yarn 
is conducted by subjecting them to a power supply with a current range 
varying from 0.1 to 1 Amp. This analysis aims to discern the differential 
behaviour and performance of these two grades under varying current 

conditions

Figure 3: The heating rate, observed in both 12K and 24K grade carbon 
yarn, spanning various lengths and subjected to diverse power supply 

parameters, can be summarized
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discernible discrepancies. Notably, for the 12K grade, these 
temperatures registered at 88, 81, and 78°C, respectively. In 
contrast, the 24K grade demonstrated lower values of 64, 58, 
and 51°C under corresponding conditions. This observation 
accentuates a compelling pattern: a reduction in surface 
stabilization temperature occurs concomitantly with an 
increase in yarn length. Furthermore, in identical scenarios, 
the 12K yarn consistently maintained higher temperature 
levels in comparison to its 24K counterpart. At a DC power 
supply of 6V and 0.8 Amp, a notable discrepancy of 26°C 
was observed, with the stable temperature of the 16cm length 
12K carbon yarn surpassing that of the 24K counterpart. This 
analysis accentuates the unique capacity of different types 
and specifications of carbon fibre yarn to uphold distinct 
constant temperatures under the influence of electrification. 
Consequently, these findings carry significant implications, 
especially in the domain of power supply optimization, where 
the minimization of heat required for therapeutic applications 
in cold climates and managing inflammatory conditions can 
be efficiently achieved through the judicious application of 
these outcomes, particularly in the design and development 
of wearable technologies incorporating this innovative yarn. 

DISCUSSION
The core focus of our experimentation revolves around 
optimizing power supply efficiency, and in this context, 
the carbon yarn emerges as a standout. Diverging from 
conventional heating materials, it distinguishes itself through 
its exceptional capability for swift and precise heating and 
cooling when electrified at low voltage. Hence, the unique 
properties of carbon yarn make it a suitable candidate not 
only for applications in aerospace but also for integration into 
wearable designs. With diverse grades of carbon at our disposal 
for experimentation, it opens up a myriad of possibilities for 
textile-based wearables designed to accommodate various 
functional activities. Here, our central emphasis was placed 
on the assessment of electrical and thermal conductivity, 
specifically geared toward the potential application of 
thermotherapy in cost-effective, small-quantity wearable 
devices. The carbon yarn underwent prolonged electrification 
under stable voltage conditions with varying current supplies, 
spanning an extended duration. This comprehensive evaluation 
aimed to gauge its resilience and tensile strength in the face 
of continuous heating while considering both high and low-
voltage scenarios. Furthermore, we meticulously observed the 
material’s behavior upon the cessation of power supply.

CONCLUSION
The extensive examination of carbon fibre yarn’s heating 
properties and conductivity attributes encompassed a thorough 
exploration of various yarn lengths across two distinct 
filament tow grades-specifically, 12K and 24K. The results of 
these experiments revealed that the carbon yarn exhibited a 
remarkable capacity for rapid electrification, swiftly ascending 
to a peak temperature of 110°C in less than 2 minutes, all 
under a modest power supply of 6V and 0.8 Amp. Equally 

impressive was the yarn’s ability to sustain this consistent 
temperature for an astonishing 20-minute duration under the 
same power supply conditions, followed by a rapid cooldown 
to room temperature in less than a minute upon power supply 
deactivation. These empirical findings not only underscore the 
carbon yarn’s commendable performance in both electrical 
and thermal conductivity but also highlight the proportional 
decrease in heating rate with increasing yarn length. Notably, 
the 12K yarn consistently outperformed its 24K counterpart 
in heating rate, even when their lengths were equal.

The carbon fiber yarn showcased remarkable thermal 
stability, with its surface temperature remaining virtually 
constant during extended electrif ication experiments. 
Nevertheless, it’s important to emphasize that the surface 
stability temperature exhibited variations dependent on the 
tow number and length—generally declining with longer 
lengths. Furthermore, when comparing yarns of equivalent 
length, the 12K variant consistently outperformed the 24K 
yarn by maintaining a higher surface stability temperature. 
Additionally, a clear correlation emerged, indicating that as 
the length increased, the heating power of the carbon fiber 
yarn notably decreased.
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