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ABSTRACT

Recently, thermal textiles have become increasingly popular because they possess
advantageous characteristics that could enable them to be widely applied in fields
such as body warming, physical therapy, and drug delivery. The thermal function
of thermal textiles is achieved by the embedded conductive yarns. Compared with
conventional thermal devices, thermal textiles offer physical flexibility and
comfort in addition to thermal functions. Temperature control is one of the most
important aspects of thermal textiles. Thus this study aims to explore the thermal
behavior of thermal textiles and achieve precise temperature control. Specifically,
this study aims to explore the factors that are relevant to the thermal behavior, such

as the electrical resistance, thermal conductivity and surrounding environment.

In the first stage of the study, the electrical resistance change of thermal fabrics
was investigated. The results showed that the resistance of thermal fabrics will
decrease when the temperature increases. The research results attributed this
property to the morphologic change of conducting yarns during heating.

Accordingly, a theoretical model was proposed to simulate the heating process.

In the second stage of the study, the thermal behavior of thermal fabrics of different
sizes was studied. A modified and generalized model was developed to simulate
the thermal behavior of thermal fabrics of different sizes. In the model, different
parameters including electrical resistance, thermal conductivity, fabric size and
interaction between them were studied. The research results presented deviation

from simulation due to two reasons: limitation of quality control in textile industry



and morphologic change of textile materials.

In the third stage of the study, the influence of airflow on thermal fabrics was
valuated. The results show that airflow can greatly influence the heating process
and a proportional relationship was found between the thermal conductivity and
airflow rate. The airflow direction has a limited influence on the heating process.
A quantitative model was established to simulate and predict the thermal behavior

of thermal fabrics in a windy environment.

In the final stage of the study, the heat process was investigated when the thermal
fabric was covered by other fabrics. The results shows that there is a linear
relationship between the thermal resistance of the system and the number of cover
layers. The thermal resistance brought from multiple-cover layers can be estimated
by simply adding up the thermal resistance of each piece of cover layer.
Furthermore, the thermal conductivity measured by a thermal conductivity meter

is different from the implied thermal conductivity in the heating process.

Both internal parameters and external factors that can influence the heating process
have been explored in this research. This study serves as a pilot study to
complement research on the thermal behavior of conductive thermal textiles and
thermal control of thermal textiles. It provides guidance for precise temperature

control for different situations.

Keywords: Conductive Yarns, Resistance, Thermal Conductivity, Temperature

Control, Thermal Fabrics, Thermal Textiles
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CHAPTER ONE
INTRODUCTION

1.1 Background of the study

Wearable electronics are smart material devices that can be worn on the body and
feature practical functions. Compared with the conventional existing electronic
techniques, generally, the functional components and interconnections in wearable
electronics are intrinsic to the main device component and thus are less visible;
this intrinsic nature makes the wearable electronics behave as a piece of clothing
rather than an electronic device. Furthermore, wearable electronics also offer
physical flexibility and comfort, which cannot be achieved with the the
conventional electronic devices. Wearable electronics, in most situations, are
fabricated on a textile base and thus combine the strengths of the functions of

electronics and good properties of textiles.

The textile industry is an established industry that has been developing for a
considerably long time. This industry started to experience a bottleneck period and
drew little attention for years. Fortunately, the development of various high-
performance materials and technology has added much vitality to the textile
industry and functional textile materials, especially wearable electronic textiles,

have invigorated the industry in recent years.

Currently, there are a variety of wearable electronics that provide different types
of functions and are used for different purposes. Fabrics together with sensors can
be used for specific health issue monitoring in personalized healthcare, fitness
tracking as a sports tracker, sensing temperature for better thermal control and so
on. Wearable electronic textiles can also have an active functionality such as power
generation or storage. For example, a textile triboelectric nanogenerator-cloth and

a flexible lithium-ion battery belt can be integrated into a self-charging power unit

1



(Xiong Pu, et al. 2015).

Most recently, thermal textiles, as wearable electronics, have become increasingly
popular because they possess advantageous good characteristics that could be
widely applied in fields such as body warming, physical therapy, and drug delivery
(Paradiso R., Belloc C., et al. 2005; Lymberis A., Rossi D.D., 2004;). Compared
with conventional thermal devices, thermal textiles offer physical flexibility and
comfort in addition to thermal functions and organically combines the strength of
both conventional thermal devices and textiles. Due to the recent development of
wearable electronic textiles and smart materials, conductive fabrics and
electrically- heated thermal textiles have been extensively studied and applied in
many fields. Various electrically-heated thermal textiles have recently appeared in

fashion shows and on the clothing market.

Generally, thermal textiles are also conductive textiles because thermal textiles
contain conductive materials to perform their heating function. Conductive
properties can be imparted to thermal textiles by coating or distributing conductive
elements into the textiles to make the textiles conductive at the fabric level.
Thermal textiles can also be made with conductive yarns fabricated into the
construction of the textile bases. The conductive yarns can be metal-coated yarn,
pure metal yarn or conductive polymer based yarn (Bohwon Kim, Vladan Koncar,
Claude Dufour, 2006). Because of the rapid growth in material technology, carbon
nanotubes are sometimes used to produce electrically conductive yarn (Behabtu
Natnael, et al. 2013; Liu F, et al. 2015). Thermal textiles embedded with
conductive yarns can be more flexible when fabricating than thermal textiles with
conductive materials coated at the fabric level because different conductive yarns
and different fabric structures can be selected based on requirements. Among the
various types of conductive yarn, silver-coated yarns are the most selected for

thermal textiles due to their advantages over other types of conductive yarn. In

2



general, silver-coated yarns are composed of a non-conductive substrate such as
nylon and a conductive silver layer coated on the surface. Thus, by combing the
strength of both of these materials, silver-coated yarns show good flexibility and
great conductivity. Furthermore, silver coated yarns show an effective antibacterial
ability (P C MacKeen, S Person, et al. 1987). Thus my research is focused on

thermal textiles embedded with conductive silver coated yarns.

Thermal control is one of the most important aspects of thermal fabrics. When a
thermal textile generates heat during the heating process, controlling the
temperature precisely is significant for applications in different fields. To
determine how to control the temperature of a thermal textile, different parameters
of the thermal textiles that are related to the heating process should be studied and
fully understand. One of the most essential parameters of a thermal textile,
electrical resistance, was studied in the first stage of our research and the factors
that may affect the resistance of thermal textiles were fully considered. Some
resistive network models have already been established for conductive textiles in
different structures and the resistance change variation with external strain has
been explored in previous research. However, how temperature influences the
resistance of thermal textiles during heating has never been studied. There is a lack
of knowledge about the influence of temperature on the resistance of thermal
textiles or silver-coated yarns, and temperature control of a thermal fabric can be
difficult to achieve, because the electric power applied to the textile depends on
the resistance of the textile according to Ohm’s law. Another important parameter
of a thermal textile is its thermal conductivity or thermal resistance, which relates
to the thermal textiles’ ability to conduct heat. Thermal textiles with low thermal
conductivity or high thermal resistance have better ability to retain heat and save
electric power. In addition to these parameters, the external environmental factors
that may influence the heating process of thermal textiles should also be fully

considered. These environmental factors include air flow, layers covering the
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thermal textiles and so on. Research on these environmental factors has never been

conducted.

Thermal control is a complicated topic, and cannot be accomplished before much
more work is carried out. Selection of high-quality and stable silver-coated yarns
is the very first stage of such work. Circuit breaks can easily occur in thermal
textiles made of low-quality silver-coated yarns during heating. Thus, a selection
standard for silver-coated yarns is necessary in order to obtain high-quality thermal
textiles. Precise thermal control cannot be achieved without high-quality thermal
textiles. Then, a theoretical model that considers electrical resistance, thermal
conductivity, and environmental factors should be established to accurately
simulate the heating process of thermal textiles. After understanding how electrical
resistance, thermal conductivity and other parameters of thermal textiles change in
a certain environment during heating, the thermal behaviour of thermal textiles can
be controlled accurately. Therefore, a systematic study on thermal textiles is

needed for precise thermal control.

1.2 Aims and objectives

This thesis is concerned with a systematic investigation of the working principal
of thermal textiles containing silver-coated yarns and their temperature control
during the heating process. The study aims to establish a theoretical model to
accord with the performance of thermal textiles in heating process. This model is
based on studies of thermal textiles’ electrical resistance, thermal conductivity and
fabric size and external environmental factors. The specific objectives of the study

can be summarized as follows:

1. To investigate the electrical resistance change of a conductive knitted fabric
during heating process and how the temperature influences the electrical

resistance.



2. To establish a model in which the relationship between temperature and
electrical resistance is added to simulate the thermal performance of the
conductive knitted fabric during heating.

3. To study the electrical resistance change of conductive knitted fabrics of
different sizes and improve the model to simulate the heating process of fabrics
of various sizes.

4. To study how the airflow and its flow direction influence the heating process
of a thermal fabric.

5. To investigate the heating process of a thermal fabric when covered with

external layers.

1.3 Significance and value

The research in this thesis serves as a systematic study of thermal control in
thermal textiles. Recently, thermal textiles have become increasingly popular on
the market and have been adopted by many people to improve their quality of life.
However, the working principles and the properties of thermal textiles have not
been fully studied, which has hindered the achievement of precise thermal control.
Moreover, current thermal textiles are not designed for a changing environment
and the performance of these thermal textiles will deteriorate in a rapidly changing
environment. The study presented in this thesis aims to investigate every factor
that is related to the thermal behavior of thermal textiles and to develop a

systematic model for thermal textiles under different environments.

The results in this thesis not only complement the fundamental study of thermal
textiles but also benefit the function and applicability of thermal textiles. The
research results can also be used as a reference when selecting materials or

constructions for fabricating thermal textiles.

1.4 Organization of thesis



The organization of this thesis is as follows.

Chapter one provides an outline of the thesis including the background information
of the study, the previous research in related works, the existing research gap, the

research aims and objectives, and the significance and value of the study.

Chapter two presents the reviewed literature that is related to this study. The
literature review can be divided into two parts. The first part introduces the
conductive polymer-coated textiles, their properties and their applications as
sensors. The second part of chapter two is focused on thermal functional textiles,
which constitute the main topic of this thesis. Previous research on conductive

textiles, its electrical properties and thermal behavior has been reviewed.

Chapter three presents the methodology adopted in this thesis. The research work
began with the study of internal factors that can influence the thermal properties
of the conductive fabric, followed by the study of external factors that may

influence the temperature control.

Chapter four discusses the research results and findings of this study. The research
was developed around the temperature control of thermal fabrics. Different factors
that can influence the temperature of the fabric are studied and discussed. The
factors include the resistance, thermal conductivity, airflow, external cover and so
on. A theoretical model that takes all the factors into consideration could be
established to simulate how the thermal fabric works and what temperature it can
achieve (Figure 1.1). The factors include the electrical resistance, thermal
conductivity, and size of the fabric. The relationship between these factors and the

achieved temperature was explored and a theoretical model was established.



Air-flow Cover Layers
(External factor) (External factor)

Resistance Thermal
Conductivity
(internal factor) (internal factor)

feedback

Temperature

Model of Thermal Fabrics

Generalized Model

FIGURE 1.1. Diagram of the research topic

Chapter five summarizes the research findings obtained in this study. Some
limitations of the research results are also discussed. Finally, future works that

would complement the theory presented in this thesis or have promising

applications are mentioned.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

First, this chapter will introduce some application of wearable electronics. Fabrics
featuring conductive polymers are widely used for sensing functions such as
chemical sensing, gas sensing and stretch sensing. Then this chapter will focus on
fabrics with thermal functions which is the topic of this thesis. The previous
research that has been conducted on thermal textiles will be reviewed. First, this
chapter will introduce some popular thermal functional wearable electronics in the
current market. Next, the literature review will focus on the properties of thermal
textiles and the heating process. Thermal control in thermal textiles means
controlling the applied electrical power to achieve the expected temperature.
According to Ohm’s law, the applied electrical power is related to the applied
electrical voltage and the objective’s electrical resistance. Thus, this chapter will
review previous research on the electrical resistance of conductive textiles. The
review of the resistive property of conductive textiles will include the calculation
of its resistance under static conditions as well as under strain. Moreover, the heat
flux in thermal textiles determines the thermal condition of thermal textiles, which
is related to the thermal conductivity of the material (Fourier’s law). Thus, in the
next section of this chapter, the previous work on the thermal behaviour and

thermal conductivity of conductive textiles will be reviewed.

2.2 Application of electrical textiles as sensors

2.2.1 Electromechanical property of PPy-coated fibers

In the last decades, a number of different kinds of sensors have been developed
such as electrically conducting sensors, piezoelectric sensors and so on. Of all

these sensors, the electrically conducting sensor is the most selected one in the



market because it is simple, cost-efficient and durable. When applying electrically
conducting materials into textiles, people have a lot of choice such as carbon fibres,
conductive polymers and metal. Polypyrrole (PPy) is one of the most widely used
conductive polymers because it owns good electrical conductivity, good stabibility
and fewer toxicological problems. However, the brittleness of PPy limits its
practical applications. It can be solved either by blending some polymers or by
forming copolymers of PPy. Thus PPy coated fibers not only shows excellent
physical properties of polymer composites such as strength and flexibility but also
owns electrically conducting functions. These advantages of PPy coated fiber
makes it an excellent candidate as an electrically conducting sensor. Chemical

vapour deposition process is always used to coat PPy on the textile substrate.

The electrically conducting sensing function is mainly based on the
electromechanical property of the material. In other words, the sensing function is
achieved by the connecting between the resistance and the strain. As a candidate
of electrically conducting sensors, the electromechanical property of PPy-coated
fibers is the key to its sensing functionality (Xue P, Tao XM, Kwok WY, Leung
MY, 2004). When the PPy-coated fiber is in strain, its dimensional change is
considered as the main cause of the resistance variation. This behaviour is similar
to that of some intrinsically electrically conductive fibers such as copper wire.
When the fiber is applied with strain, its length and cross-sectional area will

change,

L =1Ly(1+e¢)
A= Ay(1 —ve)?

Where ¢ is the applied strain and v is the Poisson’s ration of PPy-coated fibers
when elongated along the longitudinal direction. Thus the resistance variation of

the PPy-coated fibers in stretch can be obtained,



Where R, is the initial resistance and R is the resistance of fiber in stretch. It is
found that this model can fit PA6 fibers (multi-filaments of polycaprolactam)
coated with PPy very well. The PPy-coated PA6 fibers provide very good linearity
which can be observed in Figure 2.1. It is also observed that the PPy-coated PA6
fiber can be stretched to 46% before fracture, which means that The PPy-coated
PAG6 fibers shows excellent sensing performance up to a strain of 43%, while other
conductive fibers such as copper wire can only be stretched below 1.5%. Therefore,

PPy-coated PAG fiber is a better candidate as the electrically conducting sensor.

— 300 _
2 — from calculation
(1] from experiment
oo
c
T 200
]
L
0
% —
2 100 —
7]
Q
-
0 0.2 0.4 0.6
strain

FIGURE 2.1. Comparison of calculated and measured results: R/R, versus

strain curve of PPy-coated PA6 fibers

The selected fiber substrate can influence the electro-mechanical property greatly.
It is reported that the Lycra fibers coated with PPy shows totally different
electromechanical property from the PPy-coated PA6 fibers. The resistance
variation versus strain curve of PPy-coated Lycra fibers shows non-linearity in big
strain (Figure 2.2). Thus selection of the suitable fiber substrate is the very first

important process of fabricating polymer-coated fiber sensors.
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FIGURE 2.2 Resistance variation versus strain curves of PPy-coated PA6 fibers

(up) and PPy-coated Lycra fibers (down).

It is also found that the coating of polymer can change the mechanical property of
the substrate fiber in different ways. Figure 2.3 presents that the coating of PPy
makes the PA6 fiber more stretchable but makes the Lycra fiber less stretchable. It
is because the stretchability of the PPy material is above PA6 fibers but below
Lycra fibers. When the fibers are coated with PPy material, the stretchability of the

coating fibers will be between the coating material and the bare fibers.
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FIGURE 2.3. Load versus displacement curves of PPy-coated PA6 fibers (up)

and PPy-coated Lycra fibers (down).

2.2.2 Electromechanical property of PPy-coated fabrics

The property of PPy-coated fabrics also have been studied (Oh KW, Park HJ, Kim
SH, 2002). The PPy-coated fabrics can either be accomplished by weaving PPy-
coated yarns or coating PPy on fabrics directly. Oh KW, Park HJ and Kim SH used
in situ polymerization process to coat PPy on nylon-spandex stretch fabric to
achieve PPy-coated fabrics that owns flexibility, elasticity and conductivity. The
polymerization on the fabric ensures that each fiber is individually coated with PPy.
Different pyrrole concentrations were adopted to process the polymerization of

pyrrole and an optimum concentration of 0.5M was achieved (Figure 2.4).
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FIGURE 2.4. Conductivity varying with pyrrole concentration.

Figure 2.5 presents the conductivity changes during stretching and relaxing. The
conductivity trace of stretching is a little different from the relaxing trace
especially when the extension is very big. It is because the fabric is impaired in
stretching process. The fabric shows good recovery performance when stretch can
be controlled below 40%. Repeated extension test shows that the conductivity of
the fabric will decrease to a great degree after repeated 40% stretch, which also
supported that the stretch controlled below 40% is important to maintain the fabric
conductivity after repeated use. SEM microphotographs (Figure 2.6) shows that
damage happened on the surface of fiber after the fabric was under repeated

extension over 30 cycles at 60%.
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FIGURE2.6. SEM microphotographs of fabric after repeated extension over 30

cycles at 60% strain.

2.2.3 Applications: wearable sensing textiles

The combination of traditional fabrics and smart materials (conducting polymer,
piezoelectric material, etc.) provide the fabrics with unique properties that
traditional fabrics don’t own. The electro-mechanical property of the polymer-
coated fabric enable the realization of wearable sensing textiles that are capable of

recording posture, sensing movement, detecting chemical gas and so on.
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It is proposed that the sensors arrays can be distributed on garment to achieve a
sensor network in order to obtain the stretching information of every point on the
garment (Rossi DD, Carpi F, et al. 2002). In this way, the posture or movement of
the subject can be detected and recorded. A network of sensors were established to
read the signals from every point in the network and further to confirm the stretch

situation of the entire row and column (Figure 2.7).

S A D

&

® T g .
FIGURE 2.7. Network of Sensors Arrays

Piezoelectric materials were also used in wearable sensing textiles. A special glove
were developed which utilize piezoelectric material as shape sensors (Edmison J,
Jones M, Nakad Z, Martin T, 2002). In this design, the piezoelectric films were
placed at the finger joint and fingertips to capture the hand movement during
typing (Figure 2.8).The fingertip and mid-finger sensors for each finger were each
connected to a single channel on an A/D converter and the collected and packed
data were sent to PC for processing. Finally, the movement of the finger was

determined. The glove shows promising application of keyboard function.

15



i

FIGURE 2.8. Sensor arrangement

As mentioned before, the electromechanical property of PPy-coated fabrics makes
them good candidates as movement sensors. It is also reported that PPy-coated
fabrics showed good potential as candidates of gas sensors (Kincal D, Kumar A,
Child AD, Reynolds JR, 1997). It is found that the conductivity of the PPy-coated
fabric decreases upon exposure to NH3 and is regained with HCL. The PPy-coated
fabric during cycling with HCI/N2/NH3/N2 presented conductivity switching
(Figure 2.9). However, there is a slow decay in the overall conductivity with
repeated cycles. When the fabric is exposed to the cycling of HCI and NH3 gas,
they will combine into NH4Cl salt on the surface of the fabric. Thus this
conductivity decay can be attributed to the formation of a layer of salt on the
surface of the fabric, which reduces the further interact between the gases and the
fabric. This explanation was further confirmed by observing that the conductivity
of the fabric was recovered after water washing and dry. In order to solve this
problem, formation of salt should be avoided and weak acid gas can be a better
choice. When HCI was replaced with CO2, the PPy-coated fabrics under cycling
with NH3/CO2 still shows conductivity switching. It can be seen that the switching
amplitude was decreased but the switching is more stable and reproducible.
Therefore, the PPy-coated fabrics presents their gas sensing capabilities through

monitoring their conductivity changes.
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FIGURE 2.9 Conductivity change for the PPy-coated fabric during cycling with
(a) HCI/N2/NH3/N2 and (b) NH3/CO2

2.3 Products of thermal textiles in market

Thermal functionality is one of the critical topics in wearable electronic textiles.
Thermal textiles now in markets can provides thermal functionality that is
significant to healthcare, safety insurance and resisting extreme environment.
These smart textiles with thermal function will be applied in various fields, for

instance, medical, sports, healthcare and so on.
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Nowadays, a number of thermal functional textile products have emerged in the
commercial market (Figure 2.10) and they are mainly divided into four typical
types. The first type of product for daily heating is presented by Nuanshou Po. It
uses the oxidation of iron to generate heat to achieve thermal function. However,
the temperature of this product is hard to control due to the incontrollable chemical
process and consequently it may injure users’ skin which limits the application of
this kind of product. The second type of heating product is the spontaneous thermal
protective clothing such as spontaneous thermal kneecap. This kind of heating
product generates heat based on special material such as tourmaline, which can
release far-infrared rays and negative ions with the help of human temperature
environment. The shortcomings of this kind of products is the relative expensive
price resulted from complicated manufacture process. The third type of heating
products in the current market is the heating home textiles and electric blanket is
one of the most popular products of this type. Even though this kind of products
are widely accepted in market, they have some shortcomings in common, such as
poor flexibility, distributing electromagnetic radiation, low energy efficiency, risk
in electric shock and so on. According to the weakness of the products, some
industry manufacturers and labs use a temperature controller to insure the safety.
However, the most fundamental problem of this kind of products is that the heating
material in the products is metal wire. In some products, carbon fibres or carbon
coated fibres are used and the products present excellent properties, flexibility,

safety, etc.

With the huge potential demand of heating products, the thermal textiles are
developing rapidly and research on thermal textiles is becoming a fast growing
topic in textiles industry. As mentioned before, as a heating product, temperature
control and energy management are the most important topics in thermal textiles.
Well developed products now in market, including WarmX, iTermx, METS jacket,

Gorix diver suit, Brookstone and so on, do a relatively better job on temperature
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control and energy management and they are the fourth type of heat products,
which use conductive materials. A notable application of thermal function in textile
including WarmX, a German company which focuses on thermal knitwear
research to retain warmth during outdoor sport activities and work protection
which are made of conductive polyamide fiber by weaving technology (knitting
technology). In the last decade, much attention has been paid to heated jackets that
usually attach a carbon fiber material layer inside the jacket to support heating
energy. Another issue is advanced control system; Solaris ski-gloves were
produced by Reush with a new microcontroller platform named iTermx. In
addition, the heating products presented by Gerbing are constructed with an
interior protective moisture barrier and breathable membrane to generate heat. Yet,
sew processes and electronic control systems are necessary to realise its thermal
function. The thermal garments are also designed for specific situation of sub-aqua
heated by piped hot water. Aside from retail clothing and the industrial sector, other
research works have also been conducted. However, most thermal garment operate
by attaching a heating layer that may be a piece of conductive fiber or metal
materials, and some products incorporate conductive heat fabric with normal fabric
sewn together by the patchwork method to format a heating area and electronic
routing. Few studies can provide a systemic method to develop the thermal
function garment incorporating a heating area and resistive network together in

one formation.

//—:; 2
>

FIGURE 2.10. Thermal functional products in market
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2.4 Resistance calculation for conductive textiles

Thermal textiles are also conductive textiles because they generate heat based on
the conductive yarns embedded in them. The conductive yarns in thermal textiles
form a network which conducts the electrical current from the power supply. As
mentioned above, thermal control is the most significant topic in textiles. And
thermal control is controlling the heating temperature by adjusting the applied
electrical power accordingly. According to Ohm’s law, the electrical power applied
to the objective is related to the applied electrical voltage and the resistance of the

objective,

p== 2.1)

Thus calculation of the resistance of the network in thermal textile is the very first
step in thermal control. In previous research, a resistive network model was
proposed to calculate the resistance of conductive knitting stitches (Li Li, Wai Man
Au, et al. 2010). Knitting structure is one of the most used structures in textiles
and its network can be regarded as the combination of many loops (Figure 2.11).
The loop is a basic unit in the knitting structure and they are in a repetitive
sequence. In a single loop, there are both length-related resistance and contact
resistance. The length-related resistance is positively linear correlated with the
length of conductive yarn. The contact resistance is result from contact of
conductive yarns and thus vary with the pressure between conductive yarns.
Consequently, the conductive knitting stitches for different numbers of courses and
wales can be represented as a resistive network that is comprised of a number of
length-related resistor and contact resistors. Contact Resistance R. could be
divided into four equal resistances (0.25R.) and be absorbed to their four
neighbouring length-related resistor without altering the equivalent resistance of

the stitch. When the knitting fabric is in a static status, the contract resistance can
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be regarded as unchanged. To simplify the resistance in network, the three

equivalent resistance is used as follows:

R, = Rz + 0.5R, (2.2)
R, = R + 0.5R, = Ryy + 0.5R, (2.3)
Rs; = R; + 0.5R, (2.4)

Where R;, R, are used to specified the inner resistance along the course and wale
direction, while, R; represents the outer resistance, which is located along the

boundary between the conductive yarn and the non-conductive yarn.

Figure 2.11. A lump resistor model represents the unit loops in the knitting fabric

According to the signal flow theory (Haykin, 1970), the contact resistance could
be divided equally into four resistances and then be absorbed to their four

neighboring length-related resistors. In this way, the resistance network could be
21



simplified, as shown in the following figure. Since R, is not equal to Ry//3 ,
According to signal flow graph theory, equal portion of A of R; could be

transferred to both R, and R;,/3 to achieve

Ri—A _ Ryj;3+A  Rq
Ryj;3+A  Ri=A Ry

2.5)

Where,

A= (2.6)

Thus the “bridge” resistors R, in the resistive network can be neglected due to the
equal voltage potential and the resistive network can be furthermore simplified.
Finally, the equivalent resistance for a conductive knitting fabric (M courses, N

wales) along a course direction can be obtained as follows:

NRyo0p, M=1
2NR1//3, M=2
2NR;(R1+R1//3 )
(M+1)Ry+(M—=3)Ry,/3’

Requivalent =

2.7)

With this formula, the manufacturer can design the resistance of the conductive

textiles to achieve an expected target.
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FIGURE 2.12. The resistive network of a conductive knitted fabric and its

simplified procedure

Same calculation method applies to the knitting textiles which have float stitches
(Figure 2.13, Liu S, 2014). Resistive network and the simplifying process of it are
still an effective way to calculation the resistance of knitting textiles with float

stitches.

Figure 2.13. Knitting structure with float stitches

Another calculation method is adopted to calculate the resistive network of knitting

structure in previous research. Kirchhoff’s Law is the core concept in that method
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(Zhang Hui, Tao Xiaoming, 2005). The conductive kitting textile is also treated as
a pure electrical circuit network. A unit loop, which is a repeatable unit in structure,
is also composed of contact resistors and length-related resistors. It is shown in the
figure that one unit loop contains two contact resistance R, and three length-
related resistance R; , related the contacting force of the overlapped yarns and the

length of yarns respectively.
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FIGURE 2.14. A unit loop and its resistive network

Thus the circuit diagram for the conductive knitting fabric can be obtained, which
is presented in the following figure (Figure 2.15). Because, in general, according
to the experimental results, the length resistance is far smaller than the contact
resistance in conductive textiles, the circuit diagram can be further simplified. In
order to calculate the equivalent resistance of the whole resistive network,
Kirchhoff equation is established for every local circuit in the resistive network

and the equation set is obtained as follows,
[Ri;|i] = U1 =123 .. =123 ...) (2.8)

By solving this equation set, every local electrical current i; in the network can
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be calculated. Thus the total electrical current of the whole network I;,;,; can be
obtained. After that, the equivalent resistance of the whole resistive network can

be obtained from dividing the applied voltage by the total electrical current,

¢ (2.9)

R. . -

equivalent Ltotal
The advantage of this method is that the calculation process is programmable.
What’s more, it is not limited to some specific structures and is very versatile in
applications. But the calculation process is complicated and time-cost, which are

the disadvantages of solving Kirchhoff equations.
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FIGURE 2.15. (a) Resistive circuit network of a fabric;

(b) the simplified resistive circuit network
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Woven structure is also one of the most used structure in textiles. Calculation of
the resistance of conductive woven fabrics should also be conducted. Compared
with the complicated knitting structure, the structure of woven textiles is
straightforward. In a woven structure, the contact resistance does not exit and the
length-related resistance is the only type of resistance that should be considered
(Figure 2.16, Zhao YF, 2013). It is because, in a woven structure, the conductive
yarns do not cross with each other and consequently there’s no contact at all.
Therefore, the most important thing step of the calculation process is to calculate

the length of the conducting yarns along the current flow in woven textiles.

PLAIN WEAVE

s YarnB
Yarn A

Figure 2.16. 3D Image of Plain Woven Structure
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Figure 2.17. Schematic Diagram of Plain Woven Structure

The adjacent two yarns are considered as a unit and the whole length of the weft
yarn can be divided into two parts: Ir, Is. It is assumed that Ir is part of a circle and
Is is straight in line (Figure 2.17). Along with the radius of the cross section r and
the angle corresponding to length Ir, the following relationship can be obtained,

L. =0r
I, =V2rs + s? (2.10)

. s
sinf = —
r+s

Considering the course number and wale number of the plain weave structure M
and N, the warp yarn and weft yarn together make a criss-cross pattern, which is
firm and resist yarn slippage. Each of the weft yarn goes up and down through the
warp yarns, which is shown in figure. The length of one weft conductive yarns can

be calculated,

Lp = 2N(I, + I;) = 2N(0r +V2rs + s2) (2.11)

Therefore, the resistance of the whole plain woven structure can be express as,

__ 2NRo(0r+V2rs+s?)

Rp =

(2.12)

Where the R, is the line resistance density of the conductive yarns. With the
above formula, the conductive yarns can be arranged based on requirement in the

fabrication of woven fabrics and people can make different conductive woven
28



fabrics with different resistive parameter.

The core principal in the calculation of resistance of conductive textiles is to
establish a resistive network and simplify the network in a proper way. With the
calculation method, people can design the conductive textiles they want for
thermal purpose. Moreover, the resistance of a conductive textiles can be estimated

by using the resistive network.

2.5 Conductive textiles in stretch

In daily use, the conductive textile for thermal purpose can be stretched and the
condition of the conductive yarns in it may change. Consequently, there may exist
shift in the resistance of the conductive textile in stretch. Thus how the resistance
of conductive textile will change when external strain is applied is an important
topic. Some study has been conducted on this electro-mechanical property of
conductive textiles (Li Li, Au WM, et al. 2008). As is known to all, in a conductive
knitting structure, there exit length-related resistance and contact resistance. So
now the mission can be converted to explore how the external strain will influence

the length-related resistance and contact resistance respectively.

The length-related resistance for a given object is inversely proportional to the
cross-sectional area and proportional to the length of the object. The resistance of

a conductive wire can be computed as,
l
R = I (2.13)

Where | is the length of the wire, A is the cross-sectional area of the wire, p is the
electrical resistivity of the material that is used to make the wire. When external
strain is applied to the conductive wire and it is in stretch, the length of the wire

will increase and the cross-sectional area of the wire will decrease, which makes
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the resistance of the wire increase rapidly. The length resistance of the conductive

textile in stretch can be expressed as follows,

Ry == XN Zo Cn P (2.14)
The stretch applied to conductive textiles will not only influence the length-related
resistance but also the contact resistance. The contact resistance is generated from
the contact between conductive yarns and the contact level will decide the value
of contact resistance. Basically, better contact makes bigger contact area, which
will reduce the contact resistance. Thus, when the external strain force increases,
the conductive yarns in textiles will become tight and the contact between them is
enhanced. In other words, the contact resistance part in the total resistance of
conductive textile is inversely correlated with the strain, which can be expressed

as follows,

1 a
R,=—.—%4
w P0+a0F

(2.15)

When the above two formulas are combined, the total resistance of conductive

textiles in stretch is obtained and it can be calculated by the following formula,

a

1
R (FLW) =~ (S0 XM o CrnF™ L + -

0+a0F

J+W.b,  (216)

Where F is the external strain force, L is the length of the fabric, W is the number
of wales, b, is the terminal resistance between the connector and the fabric. This
formula implies that, in the initial stretch when strain force F is small enough, the

length related resistance term YN_ >N _ C....F"L" can be neglected compared

a

with the contact resistance term . Thus, in the initial stretch, the contract

otao
resistance change represents the total resistance change, which means the total
resistance decreases. However, when the strain force furthermore increases, the

length-related resistance will dominates the total resistance for further stretch,
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which makes the total resistance increases. This model shows that the length-
related resistance and contact resistance altogether form two competing factors
that determine the overall resistance and it is consistent with the actual textile
behaviors (Figure 2.18). In conclusion, the contact resistance acts as a decreasing
factor during the initial stretching process, whereas the length-related resistance

dominates the total equivalent resistance for the further increasing of tensile force

in the stretching process.
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Figure 2.18. The electro-mechanical test for different conductive textiles

People also proposed an empirical model to describe relationship between the
contact resistance between contacting yarns and the force between yarns (Zhang

Hui, Tao Xiaoming, 2005). An exponential function is established in this theory,

F

RC=R0+(R1—R0)X€_E (217)
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Where R; is the contact resistance without the applied force, R, is the
minimal contact resistance with applied force and ¢ is the coefficient.
According to Holm theory (Holm R, 1967), the contact resistance between
conductors is inversely proportional to the contact area between them. Thus the
resistance will decrease rapidly due to the relatively fast increase of the contact
area between contacting yarns when the force increase in the initial stage, which
completely accords with the exponential relationship in the above formula.
When the force between contacting yarns further increases, the contact area
between contacting yarns is already big enough and cannot increase in a big
degree, which makes the contact resistance decrease slowly. The experimental
results also indicates that the resistance-force curve can be divided into two part:
the “sharp stage” with small contacting force and the “stable stage” with the

large contacting force (Figure 2.19).
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Figure 2.19. Relationship between the contact resistance between contacting

yarns and the force between them

2.6 Thermal process of conductive textiles

In order to achieve temperature control of thermal textile, it is necessary to
explore the its thermal process. The heat flux condition in thermal textile is the
key to the whole thermal process. When the heat flux is fully studied in the

whole thermal system, the temperature can be estimated. In previous research,
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the thermal property of conductive knitted fabrics has been studied (Li Li, Au
Waiman, et al, 2014). When electric power P is applied to a thermal textile at an
time interval of dt, the change of the heat energy in fabric dQ is balance of input

electric power and the heat loss to the surrounding environment,
dQ = Pdt —dS (2.18)

Where dS is the heat loss from the fabric to the surrounding environment.
According to Fourier’s Law, the heat flux is proportional to the temperature
gradient. Thus the heat flux from the fabric to the surrounding environment is

proportional to the temperature difference between them,
dS= ax(T—Ty) *dt (2.19)

Where « is the thermal diffusivity of the fabric, T, and T are initial
temperature and current temperature of the fabric, respectively. Moreover, the

change of the heat energy in fabric is proportional to its temperature change,
dQ = C *dT (2.20)

where C is the thermal capacity of the fabric, which measures the fabric’s ability
to store heat energy. Thus combine the above two equations and solve the
differential equation, the temperature that the thermal fabric can achieve is

obtained,
P _at
T—Tozz(l—e <) (2.14)

This result indicates an exponential relationship between the temperature of the

fabric and time. The temperature will increase rapidly at the beginning and then
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a.t

tend to be stable. When t > oo , the term 1 —e ¢ — 1, the thermal fabric
system will reach the stable state and the electric power input equals the heat

loss rate. Hence, the maximum temperature can be achieved at the stable state,

T=To+= (2.14)
It can be concluded that the stable-state temperature only depends on the electric
power input and the thermal diffusivity. The thermal capacity only decides how
fast the temperature is raised. In previous research, thermal process of thermal
fabrics with different loop densities and different materials were studied and the
temperature they can achieve was tested (Figure 2.20). The result shows that the

wool is the best of the three materials for heat retention, which accords with the

thermal diffusivities of the three materials.

Average Temperature of Electrothermal fabrics
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FIGURE 2.20. Average temperatures of nine fabrics after heating for 20 minutes.

2.7 Summary

In previous research, the electromechanical properties of conductive fabrics have
been studied and a calculation method for the resistive network has been proposed.

Thus, the resistive property of conductive fabric has been fully explored. However,
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in previous research, the influence of temperature on resistance has never been
considered. The influence of temperature on the resistance is important for
temperature control in thermal fabrics and is worth studying. The thermal behavior
of the conductive fabrics has been studied. However, additional factors such as
environmental factors that may influence the thermal behavior of the conductive

fabrics remain to be studied.
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CHAPTER THREE
RESEARCH METHODOLOGY

3.1 Introduction

Our research work aims to explore the thermal behavior of a thermal textile and
develop a textile with precise temperature control function. It is known that a
number of factors can influence the thermal behavior of thermal textiles
including internal factors such as resistance changes, the fabric size and the
thermal diffusivity and external factors such as the surrounding environmental
conditions. Our research methodology will be based on exploring these factors.

The research was conducted theoretically and experimentally.

Resistance change due fo temperature variafion
Electical
Resistance

Theorefical model: add resistance change Experiment

Generalized model: add fabric size Verificalion

Theoretical
Thermal conductivity change due to airflow variafion Analysis

Thermal conductivity change due fo the application of
external cover layers

FIGURE 3.1. Procedure used in the research

3.2 Investigation of the resistance change during heating

In previous research, the resistance change of conductive textiles has never been
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explored. Because resistance is one of the most important parameters of thermal

control, our research is conducted to fill this gap.

The resistance of conductive knitted fabrics may continue changing during the
heating process. Thus, primary experimental observation and analysis of the fabric
resistance will be adopted in the first stage. Fabrics of different densities with
different levels of applied electric power will be studied and compared with one

another during heating.

To further identify the essential factors that are responsible for resistance changes
or whether heating contributes to resistance change, a control trial will be carried
out. The resistance of conductive knitted fabric without external applied electric
power will be measured with increasing environmental temperature serving as a

control trial.

Previous research concluded that the resistance of a conductive fabric usually
includes two types of electrical resistance: length-related conducting resistance
and contact resistance. It is also necessary to identify which of these types
contributes more to the resistance change during heating. Therefore, a test of the
resistance change of a woven fabric in which there exists no contact resistance will

be conducted as a control trial.

In the final part of this stage, a theoretical model based on the experimental data
and theoretical deduction will be proposed to simulate the thermal behavior of
conductive knitted fabrics while taking resistance change into consideration. The
model establishes the relationship between the stable-state temperature of a
conductive knitted fabric and the external applied electric power to achieve

temperature control.
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3.3 Establishment of a theoretical model for fabrics of different sizes

Different sizes of thermal fabrics are required for different applications. Thus,
there is a demand for a modified model that can simulate the thermal behavior of
thermal fabrics of different sizes. When the size of the fabric changes, its electrical
resistance also changes accordingly. Consequently, the temperature of the thermal
fabric changes which influences its resistance. Thus the theoretical model obtained
in 3.2 should be generalized for fabrics of different sizes. The generalized model
will be obtained by theoretical deduction and verified by tests of fabrics of
different sizes. The theoretical deduction is based on the core idea that the

temperature effect on the fabric resistance is independent of the fabric size.

3.4 Influence of external airflow

The surrounding environment can influence the thermal behavior of a heating
textile and its temperature control accuracy. One of the most important
environmental factors should be wind or airflow. It is obvious that better
ventilation or faster airflow is conducive to heat dissipation, which can further
result in a lower temperature achieved by the thermal fabric. The precision of the
thermal control would decrease if the airflow around the thermal textile is
neglected. In this stage of the research, the effect of external wind or airflow on
the thermal behavior of a thermal fabric will be investigated. We will investigate
both the airflow speed and air flow angle and determine their relationship with the

heating process.

3.5 Influence of cover materials

In this stage of the work, the influence of cover materials on thermal textiles will
be explored. Sometimes, a thermal functional garment does have a good
appearance when worn. Moreover, in certain situations involving extreme
environments, additional cover layers are necessary over thermal textiles to

strengthen the ability to retain heat. Because of the above issues, adding layers to
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cover thermal functional textiles has become common for thermal textiles. It is
obvious that the cover layers play an important role in preventing heat loss and
improving heat retention. The precision of temperature control would greatly
decrease if the effect of an external cover is not taken into consideration. Common
sense dictates that external cover layers made of material with lower thermal
conductivity are better able to aid the heat retention of thermal fabrics keep warm

than cover layers made of material with higher thermal conductivity.

In our research, the effect of cover on thermal textiles will be quantified. First,
thermal fabrics will be covered with different numbers of fabric layers. The studies
will focus on quantifying the change in the conductivity of the heating system due
to cover layers. It is known that the conductivity of a fabric material can be
measured directly by a thermal conductivity metre. However, it is speculated that
the measured conductivity cannot be applied to the heating process simulation. In
other words, when we measure the temperature of a thermal system during heating,
the thermal conductivity of the cover can be obtained. It is questionable whether
the thermal conductivity of the cover that is obtained from the heating process is
the same as that measured directly by the metre. Thus, in the second step of this
stage, we will directly measure the conductivity of different types of covering
materials using a thermal conductivity metre and then assess whether the measured

values are consistent with the values obtained from the actual heating process.

3.6 Summary

The research study in this thesis was conducted based on theoretical calculations
and experimental verification. The study is focused on two important parameters
of conductive fabrics: electrical resistance and thermal conductivity. The factors
that can influence electrical resistance and thermal conductivity were fully

considered. Finally, a thermal model was established for conductive fabric, and
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experimental tests were performed to ensure the correctness and accuracy of the

model.
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CHAPTER FOUR
FINDINGS AND DISCUSSION

4.1 Introduction

This chapter presents novel research findings and discussion related to thermal
conductive fabrics. This study evaluates the thermal effect on the electrical
resistance, the airflow influence on the thermal conductivity, the external cover
effect on the thermal behaviour and model establishment. The research findings

aim to fill the gaps and complement the previous theory of conductive fabrics.

4.2 Materials and equipment

In our research work, two kinds of silver-coated yarns are selected as the
conductive yarns used in thermal textile fabrication. They are both from German
company Statex GmbH. Yarn A, a monofilament with resistivity of 68.6 Q per cm
(2.2 tex), was used as the conductive material to form the heating area of thermal
textiles. Yarn B, which is a balanced two-plied yarn made from multifilament
single yarns, with much smaller resistivity of 1Q per cm (47 tex), was used to
fabricate the electrode of the thermal textiles. Both of them are selected from 9
candidates of silver-coated yarns because they show better performance in stability
and durability after a series of testing experiments including SEM detecting,

Laundering test, stretching test and corrosion resistance test.

(a)
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(b)

= 20kv  X2,000 10pm 10 50 SEI - 20kV  X2,000 10pm 10/50 SEI

(©)

FIGURE 4.1. (a) Longitudinal view & Cross-sectional view of Yarn A and
(b) Yarn B; (¢) SEM images of conductive yarns: (left) yarn B and (right)

yarn A

Knitted and woven structures were both adopted in this research. For the knitting
structure, the silver-coated yarns were embedded into the fabrics together with
other non-conductive yarns. STOLL (H. Stoll GmbH & Co. KG) Ml
programming flat knitting machine, which can arrange different loop densities,
was used to fabricate the thermal fabrics used in our research. And for the
weaving structure, the silver-coated yarns were only embedded as the weft yarns
to accord with voltage drop direction. A CCl tech automatic dobby sampling
loom was used to fabricate the weaving structure fabrics we need in our

research.
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FIGURE 4.2. Silver-coated yarns (blue) in knitting structure and weaving structure

and non-conductive yarns (yellow).

The power supply we used to provide electricity in our test is a variable electric
DC power supply. The thermal process of thermal fabrics was conducted on a foam
board, which is a heat insulator. Thus the heat flux from the fabric to the
surrounding environment was ensured to be unidirectional. A number of
temperature sensors which were evenly embedded into different positions of the
fabric matrix were employed to measure the temperature of the fabrics. The
temperatures were obtained by the temperature acquisition system with an error of
less than one Celsius degree and then averaged to represent the overall temperature
of the thermal system. The measurement error of the temperature can be minimized

as multiple temperature samples were collected.

PC

Thermal Acquisition
Front-end Data Module

Bus

usB

Data logging,
display and
analysis
Maximum 16
Temperature

sensors

FIGURE 4.3. Temperature acquisition system (left) and Honeywell temperature
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sensor HEL-705-T-0-12-00 (-200 to 600 degree Celsius) (right)

When studying the influence of airflow on the thermal process, an electrical fan,
which can adjust air flow rate or wind speed, was used to provide good and
stable ventilation environment. Model of the electrical fan is Lileng-826 from
Lileng company and it offers adjustable free angle function to ensure an accurate
air flow direction. An air flow anemometer with an error of +3% was ready to

measure the surrounding air flow rate or wind speed around the thermal fabric.

The thermal conductivity tester used in our research to measure the fabric’s
thermal conductivity/resistance is THERMOLABO II system. It can measure

the thermal conductivity/resistance of a 5 * 5 ¢cm? fabric.

Water Box

Figure 4.4. Thermal conductivity tester THERMOLABO II

All the research tests were conducted under a standard and stable lab
environment with an air pressure of 1 atm, temperature of 21.5+0.5°C, and

humidity of 60+2%.

4.3 Temperature effect on conductivity of knitted fabrics

4.3.1 Introduction
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In this stage of the research, we will analyse the resistance change of thermal
knitted fabrics during heating as well as the related intrinsic factors. Accordingly,
a theoretical model that takes the resistance change into consideration will be

established to simulate the thermal behaviour of conductive knitted fabrics.

4.3.2 Preliminary investigation of resistance change

In fabrication of conductive knitted fabrics, wool yarns were selected together
with the prepared silver-coated yarns, because wool shows outstanding
performance in warm-keeping among the common textile materials. Silver-
coated yarns A were embedded into the knitted woolen fabrics to make the
fabrics conductive (Figure 4.5). Two types of conductive knitted fabric samples
with the same knitting structure but different loop densities were prepared by
Stoll M1. They are Sample 1 (100 courses, 100 wales, loop density: 9

courses/cm and 12 wales/cm) and Sample 2 (100 courses, 100 wales, loop

WQQ
THHE

FIGURE 4.5. silver-coated conductive yarns were embedded into the knitted

density: 7 courses/cm and 8 wales/cm).

woolen fabrics to make the fabrics conductive.

Sample 1 and Sample 2 are by the power supply heated for 3600 seconds under
5V, 10V and 15V voltage supply respectively. It was observed that the resistance
change of the conductive knitted fabric went sharply at the initial time of heating
and then slowed down to become stable later. Thus their resistance was recorded

every 10 seconds at first and then was recorded every 100 seconds after 600
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seconds’ heating. After heating, each sample was left for 24 hours to ensure that
the fabric could recover to its original state and prepare for the next testing. To
compare the resistance before and after heating, the temperature of the fabric
should be the same. Thus when the fabric just cooled down after heating but
before long time recovering (normally 100 seconds for cooling down after
heating), the resistance of each sample was recorded. The temperature of the
fabric might still be slightly higher than surrounding environment, but it can be
negligible. Finally three resistances of each sample were measured and recorded

under three different voltages: the resistance before heating resistance after a

long-time heating (3600 seconds) and resistance after cooling down (Figure 4.6).
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FIGURE 4.6. The measured resistance of conductive knitted fabric sample 1 (a)
and sample 2 (b) varying with time under the applied voltage of 5V, 10V and
15V, respectively

It can be concluded from Figure 4.6 that overall the resistance of the fabrics
tended to go down all the way during the heating process. The only exception
happened at the very short initial period as presented in the inserted figure in
Figure 4.6 (a), where the resistance slightly go rising. The resistance of sample
in every test dropped very quickly in the first 500s and then experienced a
continuous but slow decrease in the following period of heating. Over the whole
heating process, the resistance changed/dropped significantly, which is opposite
to the common sense that the resistance of a metal increase with temperature
increase. Thus there exists another factor that lead to the resistance decrease.
Take the sample 2 as the example, the resistance of Sample 2 decreased greatly
at approximately 7%, 18% and 30% respectively under different applied
voltages. It is also indicated by the figure that the resistance would go smaller

when the applied voltage is higher.
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As mentioned before, it is assumed that there’re two factors that can influence
the resistance of conductive knitted fabrics. One factor is that metal’s resistance
increases with the temperature increase. Another factor leads to the resistance
decrease. These two factors competed with each other in the heating process.
And based on the experiment results, the second unknown factor contributed
more to the resistance change and even went over the resistance increase.
Sample 1 was designed to have higher loop density, which makes its thermal
diffusivity lower. When electric power was applied to Sample 1, its temperature
rose very quickly. Consequently, the resistance increase effect overcame the
resistance decrease and the total resistance increased initially. Because the 5V
voltage is not big enough to raise the temperature very quickly, the factor that
increased the resistance weighed less than the factor that decreased the
resistance and the increase of Sample 1 under 5V at the beginning is not obvious.
Similarly, as the loop density of Sample 2 is lower and it has better cooling
capacity, the temperature of Sample 2 can’t go up very quickly. Thus the
resistance increase cannot show up in the initial time. Figure 4.6 shows that the
total resistance of Sample 2 goes down all the way under different voltages.
However, the total resistance of both samples fell down later after the initial
heating period, which means that the decrease factor in resistance became
predominating. After long time heating, the total resistance of thermal fabrics
tended to be stable and finally reached a steady state. In addition, it is found in
Figure 4.6 that there’s a little difference between the initial resistances (t=0)
under different voltages. The reason is that the resistance of the whole fabric is
related to the physical morphology of the fabric and/or the coated yarns in it.
And the physical deformation of the fabric and/or yarns is not reversible

perfectly and the total resistance cannot go back exactly to the same point.
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FIGURE 4.7. (a) The comparison between Sample 1’s three resistances
(resistance before heating, resistance of steady state and resistance after
cooling down) under 5V, 10V and 15V voltage. (b) The comparison between

Sample 1°s three resistances under 5V, 10V and 15V voltage.
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In order to explore the variety range of the resistance, three resistances: the
resistances in normal condition (before heating), the resistance in steady state
and resistance after cooling down (about 100 seconds after the power is
discontinued) under different voltages are compared as presented in Figure 4.7.
The resistance of the fabric after cooling down (blue in Figure 4.7) was
measured because we need to remove the resistance increase factor by
temperature. And the resistance after cooling down is indeed smaller than the
resistance during heating as shown in Figure 4.7, which can be explained by the
theory that the resistance of a metal increase with temperature increase. The
resistance drop between the red and blue indicates that the thermal fabric did
change after heating. It can be explained that when applied power was removed
from the thermal fabric, the physical deformation of the fabric and/or the
conductive yarns will continue for a while and cannot recover from the steady
state to the initial state immediately. And it will take very long time for the
conductive knitted fabric get out of “working state”. That’s why the time
interval between two tests was set 24 hours. It is observed from Figure 4.7 that
higher voltage resulted in bigger drop from the three resistances (from red to
green and from green to blue). It is because higher temperature heating
contributes to both bigger physical deformation of fabric (bigger drop from red

to green) and larger resistivity of silver (drop from green to blue).

It is also shown in Figure 4.7 that the drop in resistance is sharper for Sample 1
compared with Sample 2 even they were applied with the same voltage. It is
because Sample 1 has higher loop density and warm-keeping ability. With better
warm-keeping ability, Sample 1 provided higher temperature, which contributes
to both bigger physical deformation of fabric and larger resistivity of silver-

coated yarns. Consequently, sharper resistance drop happened in Sample 1.

4.3.3 Identifying temperature be the resistance decrease factor

From the previous work, it was observed that the resistance of conductive

knitted fabric will decrease during the heating process. It is already known that
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there exist a resistance increase factor which lead to the peak of resistance curve
in the initial time of heating. But the other factor that lead to resistance decrease
is still unknown. We assume that temperature is the factor that lead to resistance
decrease at the same time. Thus a control trial is necessary to prove this
assumption. The resistance of the conductive knitted fabric will be measured
when the surrounding environmental temperature increases (No power supply
was added to the fabric). The conductive knitted fabrics are placed in a
temperature adjustable box for 10 minutes, where the temperature was set at
30°C, 40°C and 50°C respectively. After 10 minutes’ heating, the conductive
knitted fabrics were left for cooling down for 100 seconds and the resistances

for each temperature were measured and recorded (Figure 4.8).

29

—&— Sample 1
28 A —#— Sample 2

2 ? _ \.

26 4

- \ .
24 -_ \

23 4

Resistance (Q)

T ) T T T T | T T T | T T

20 25 30 35 40 45 50
Temperature (°C)

FIGURE 4.8. The resistance of sample 1 and 2 after being heating to 30°C,
40°C and 50°C and cooling down is compared with resistance in standard

condition (21°C).
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The above figure clearly indicates that the resistances of conductive knitted
fabrics will decrease when the temperature increases. This test removed the
influence of other variation such as the voltage, electrical current. This result
strongly supports the assumption that temperature is also the factor that is
responsible for the resistance decrease when the conductive fabrics are under
working. In conclusion, the temperature can not only increase the resistance of
conductive knitted fabrics but also decrease it. This two effects compete with
each other during heating and finally resistance decrease contributes more in

this process.

4.3.4 Analysis of the resistance change

Because there exist a lot of contact between silver-coated yarns in the
conductive knitted fabrics, the total resistance of the conductive knitted fabric
can be divided into the length-related conducting resistance of the conductive

yarns and the contact resistance between conductive yarns,

Riotar = Ryarns + Reontact

When take the derivative on both sides of the above equation, the resistance

change of the conductive knitted fabric can be obtained,

ARiotar = ARyarns + ARcontact

It is known that R, g,,s depends not only on the temperature and but also the
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physical condition of silver-coated yarns (e.g., strain, bend). The temperature
can influence Ry g, through increasing the resistivity of the silver coated on
the yarns. And the physical deformation of the yarn can affect R, 4yys through

changing the structure of the silver coating layer on the surface of the yarn, such
as increasing the cracks and flaws on the silver coating layer. When the electric
power was applied to the conductive knitted fabric, the generated heat from the
conducting yarns raised the temperature of the whole fabric. As mentioned
before, there must exist a factor that lead to the resistance decrease, which is
also resulted from the temperature increase. Thus it can be concluded that the
temperature increase in the heating process must improve the structure of the

silver coated yarn (ARy.ns decrease) and/or improve the contact between the

silver coated yarns (AR pntact decrease).

In order to find out if or how much AR,4,s contributed to the total resistance

change of conductive knitted fabric, a control trial, which removes the
AR ontact» 18 necessary. As shown in Figure 4.2, in a weaving structure, there’s
no contact between the silver coated yarns and R,pneqcr doesn’t exist.  Thus
the conductive woven fabric Sample 3, which also used Yarn A as the conductive
yarns, was prepared. The weaving structure and the inserted silver-coated yarns

are presented in Figure 4.2.

In the control trial, Sample 3 was heated under 15V voltage for 1200 seconds
and its resistance was recorded every 5 seconds in the first 100 seconds and
every 10 seconds in the rest 1100 seconds. Similarly, three resistances of Sample
3: the resistances in normal condition (before heating), the resistance in steady
state and resistance after cooling down (about 100 seconds after the power is
discontinued) were measured. The resistance curve of Sample 3 under 15V
power is shown in Figure 4.9. In order to study how the resistance of a single
silver-coated yarn changes during heating process, the resistance change of a

single yarn A and B were measured and recorded when they are heated by 60°C
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temperature. Three samples of each yarn are measured in each test. Resistances

of yarn A and B before and after heating are shown in Table 4.1.

Resistance (Q)
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FIGURE 4.9. The resistance of Sample 3 vs. time under 15V voltage

TABLE 4.1. Resistances of yarn A and B before heating and after heating with

60°C

Resistance before

Resistance after heating Rate of change

and cooling down heating
Yarn A (1) 8222 Q 878.0 Q 6.36%
Yarn A (2) 5282 Q 582.6 Q 9.34%
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Yarn A (3) 514.0 Q 569.4 Q 9.73%

Yarn B (1) 15.1Q 152 Q 0.66%
Yarn B (2) 356 Q 36.8Q 3.26%
Yarn B (3) 36.1 Q 36.8 Q 1.90%

It is guaranteed that there’s no contact between silver-coated yarns in Sample 3
because, in a weaving structure in Figure 4.2, the silver-coated yarns are
perfectly parallel with each other. However, Figure 4.9 shows that the total
resistance of Sample 3 still all the way went down during heating in the same
way as Sample 1 and Sample 2. It is also presented in Table 4.1 that the
resistance of a single silver coated yarn decreases after heating. These two
results together prove that Ry,.,s decreases with temperature increase and
Ryarns should be a significant factor that is responsible for the total resistance
decrease during heating. It is against our common sense because the resistivity
of the silver increase with temperature increase. This result can be explained
that there exist local crimps along the conductive yarns during heating and
higher temperature generates more crimples. Consequently, crimps along the
yarns lead to short circuits and makes Ry g.s decrease. Table 4.1 also indicates
that the resistance of Yarn A is more sensitive to temperature change than the
resistance of Yarn B. It is reasonable because Yarn A is a monofilament and is

much easier to be crimped when temperature changes.

So far, if how the contact resistance R ontqce Of the conductive knitted fabric
will change during heating is still unknown. We combine the previous data
together into one table for further analyzing the contact resistance. Resistances

of Sample 1, 2, 3 and yarn A, B before heating and after heating are listed in
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Table 4.2.

TABLE 4.2. Resistances of Samplel, 2, 3 and yarn A, B before and after

heating

Resistance after heating Resistance before Rate of

and cooling down heating change
Sample 1 22.056 Q 25.445 Q 13.32%
(10v)
Sample 1 20.983 Q 27372 Q 23.34%
(15v)
Sample 2 20.345 Q 24.876 Q 18.21%
(10v)
Sample 2 17.969 Q 25.641 Q 29.92%
(15v)
Sample 3 42.737 Q 45455 Q 5.98%
(15v)
Yarn A 514.0 Q~822.2Q 569.4 Q~878.0 Q 6.36%~9.73%

(60°C)



Yarn B 15.1 Q~36.1 Q 15.2 Q~36.8 Q 0.66%~3.26%

(60°C)

Because the resistivity of Yarn A is much larger than the resistivity of Yarn B,
the contribution of total resistance of conductive knitted fabric from Yarn B is
subtle and can be neglected. Table 4.2 presents that the range of resistance
change of Yarn A is close to the range of Sample 3. But the range of resistance
change of Yarn A and Sample A is much smaller than the range of Sample 1, 2.
Thus It can be deducted that the change of contract resistance did contribute to
the total resistance decrease during heating. It can be explained that, when
temperature increases, the thermal expansion from the wool fibers lead to tight
contact between conductive yarns. In conclusion, the length-related resistance
of silver-coated yarns R,qns and the contact resistance Reoniqcr between
silver-coated yarns are both sensitive to the temperature and they together makes

the whole resistance of conductive knitted fabric decrease during heating.

4.3.5 Establishment of model to predict the stable-state temperature

When a voltage is applied to a conductive knitted fabric, electrical current flows
along the conductive yarns and the heat is generated. The electric power is

transferred to heat energy. The electric power input can be expressed as,

AQin _ U_z
it RO “.1)

Where U is the applied voltage, R is the electrical resistance of the conductive
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knitted fabric at time t, and dQ;,, is the amount of heat generated from the fabric
at the time interval of dt. Heat is also dissipated from the fabric to the
surrounding environment. The heat dissipation rate from the fabric to

environment is proportional to the temperature gradient T(t) — T,

Lis — g« ( T(t) — Tp) 4.2)

Where « is the thermal diffusivity, T(t) is the temperature of the fabric at time
t and T, is the temperature of the surrounding environment. Equation (4.2)
indicates that, at the initial time of heating, the heat dissipation level is low

because the temperature of the fabric is not high enough. Consequently, the
. . in s - dQg;
electric power input Lin g bigger than the heat loss 2Qdis

" and the net energy

remaining in the fabric makes its temperature increase. The temperature of the

. . . . . dQ;
fabric will not stop increasing until the power input % equals to the heat loss

dQgi . . . .
%, where the fabric reaches a steady state and its resistance is stable,

T(t) - T, (4.3)
R(t) = R; (4.4)
dQin _ dQqgis
=t “9)

By combining the above equations, we can obtain
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ax(T,—Ty) =L (4.6)

N

After rearranging this equation, the steady-state temperature T, as a function

of voltage U can be obtained,

U2
a*Rg

T, =T, + 4.7)

If the resistance of the conductive knitted fabric is unchanged during the whole
heating process, R; will be a constant and the steady-state temperature can be
obtained by Equation (4.7). And by using the Equation (4.7), the temperature of
the thermal fabric can be predicted under a given voltage. However, according
to the previous research, the resistance of the conductive knitted fabric will
change with temperature change and it is related to temperature. Thus Ry is a

function of Ty,

Rs = R; (Ts)

Rearrange the Eq. (4.7) and move R; to the left side of the equation, we obtain:
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Ry(T) * ( Ty =To) =% (48)

A solution Tg = Tg(U) can be found to solve the Equation (4.8). Thus, when
the resistance change is taken into consideration, the steady-state temperature
of the conductive knitted fabric can also be calculated and predicted under a
given voltage U, though the calculation process is more complicated. Because
there is only one independent variable among 7, U and R, The steady-state
temperature of the knitted fabric R can also be regarded as a function of the

applied voltage U instead of a function of T.

Ry = Rs(U)

In this way, the steady-state temperature under a voltage U can be easily

obtained,

U2
axRs(U)

T,(U) =Ty + (4.9)

This solution is completely equivalent to the solution from Equation (4.8) but
much easier to achieve. Hereafter, Equation (4.9) will be used to simulate the
steady-state temperature instead because the calculation process is more
straightforward and less complicated. Equation (4.9) indicates that the deviation
of the predicted temperature Ty can be very large if the resistance of the fabric
R sensitivity to the applied voltage is ignored. Thus the sensitivity of the
conductive knitted fabric to the temperature or applied voltage determines the

level of accuracy when predicting the achieved steady-state temperature.
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According to Equation (4.9), the very first step to obtain the steady-state
temperature of a conductive knitted fabric is to measure the resistance varying
with applied voltage R;(U). In our calculation, we will take Sample 2 as a study
case as the loop density of Sample 2 is closer to a regular knitted fabric in
applications. Sample 2 was heated for 3600 seconds in each test under the
applied voltage ranging from 5V to 15V (2V step between two tests). The fabric
sample was heated for 3600 seconds so that the fabric can reach its steady-state
and its temperature will be stable. The resistance of Sample 2 was measured and
recorded when the temperature was stable. Thus the corresponding R-U curve
and was presented in Figure 4.10. Similarly, the 7-U curve (Figure 4.11) was
obtained through a similar process, where Sample 2 were heated for 3600
seconds in each test under the applied voltage ranging from 5V to 18V (1V step
between two tests). As mentioned before, morphologic change happens to
conductive knitted fabric when it experiences heating. Thus before Sample 2
took the next test, it was left for 24 hours so that it can recover to its initial

condition.
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FIGURE 4.10. R vs. U curve of Sample 2 and the linear fitting of the data
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FIGURE 4.11. The measured (solid line) and fitted (dot line) temperature of

Sample 2 as a function of voltage.

It can be observed in Figure 4.10 that there’s a good linear relationship between

the resistance and the applied voltage. Thus linear fitting is used to fit the

relationship. The fitted curve y=26.35-0.47x was shown in Figure 4.10 (red line).
The coefficient of determination- R? of 0.9995 indicates that there does exist a

linear relationship between the steady-state resistance of the conductive knitted

fabric and the applied voltage. Now the steady-state resistance R;(U) can be

written as,

R =26.35— 047U ()

(4.10)
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Add it into Equation (4.9), we can obtain,

UZ

Ts=215+ a*(26.35—0.47U) )

(4.11)

Equation (4.11) is used to fit the relationship between the steady-state
temperature and the applied voltage. The fitting curve together with 7-U curve
were presented in Figure 4.11. The fitted thermal diffusivity ¢ =0.5176 (w/°C)
is obtained and the fitting correlation coefficient is 0.9976. The correlation
coefficient is very close to 1, which indicates that Equation (4.11) is a very
suitable function to fit the 7-U curve. Add a = 0.5176(w/°C) into the

equation, we obtain the final result,

T, =215+—% — (°0) (4.12)

13.6—0.24U

In Figure 4.11, the error of the fitting curve is within 1°C. Thus, this formula
can perfectly fit the 7-U curve and can be applied to predict the temperature of
conductive knitted fabric. Furthermore, it proves a relationship like Equation
(4.9) exist between the temperature and the applied voltage. Resistance change
should not be ignored during heating or large error may happen. In Figure 4.12,

it is shown that the error of the predicted temperature can be more than 10 °C
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under an 18 V applied voltage if the resistance change is ignored. The actual
temperature that the thermal textile can reach will be underestimated, which can

lead to severe problems.
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Figure 4.12. The temperatures of Sample 2 vs. applied voltage for two

cases: (i) the resistance change is considered and (ii) ignored.

4.3.6 Summary

In conclusion, in this stage of research, not only the length-related conducting
resistance of the conducting yarns but also the contact resistance between
conducting yarns will play an essential role in the total electrical resistance of
the conductive knitted fabric. Both types of resistance will decrease with
increasing temperature. In conclusion, the total resistance of a conductive
knitted fabric will decrease dramatically when the fabric is heated, and we must

pay more attention to this characteristic of conductive knitted fabrics in future
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applications. A linear relationship is achieved between the stable-state resistance
of the fabric and the voltage applied, and a theoretical model is established to

precisely predict the stable-state temperature of a conductive knitted fabric.

4.4 Conductive knitted fabrics of different sizes

4.4.1 Introduction

On the market, different sizes of conductive knitted fabrics are required to meet
the needs of different applications. Temperature control of a conductive knitted
fabric is related to a number of parameters, such as electrical resistance and
thermal diffusivity. However, these parameters of conductive knitted fabrics are
closely related to the size of the fabric. Therefore, the theoretical model
proposed in 4.1 should be modified and generalized to take into consideration

the size of the fabric.

4.4.2 Theoretical

The research work in 4.1 tells that the resistance of a conductive knitted fabric
in heating will decrease and then tend to be stable after long-time heating. And
the steady-state resistance of the fabric can be regarded as a function of
temperature. In order to find out this function, relationship between the steady-
state resistance and the applied voltage should be obtained, as we did in 4.1. In
our previous research work, a linear relationship between the steady-state
resistance and the applied voltage is found for the conductive knitted fabric in
heating and thus the steady-state resistance of the conductive knitted fabric can
be regarded as a linear function of applied voltage. The linear relationship
between stable-state resistance of fabric and the voltage applied is a

representation relationship. The relationship in the whole temperature range
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would not be linear. But the temperature range of thermal fabrics in application

is narrow (below 60 ° and the silver-coated yarns are not resistant to high

temperature). A good fitting of relationship in that range is enough for research.

Ry(U) = Ry — kU (4.13)
Or
U= _RO‘is(”) (4.13)

Where R;(U) is the resistance of the conductive knitted fabric in steady-state,
R, is the initial resistance of the fabric and £ is the slop, which measures the
resistance decrease speed during heating. When Equation (4.13) is added into

Equation (4.9), the variable U is removed,

Ry =Ro +5 ak?(T; —Ty) —

~ AR ak? (Tg — To) + a2k*(T; — To)?...(4.14)

Formula (4.14) presents how the steady-state temperature T can change the

steady-state resistance for a conductive knitted fabric. Now % will be adopted

0

to represent the percentage change of the resistance when temperature changes,
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Bsoqqlod
Ro 2 R

Rg . . e
Because R—S is the percentage change of the resistance based on the initial
0

. . . . . R
resistance for the conductive knitted fabric whose temperature is T, R—S should
0

be irrelevant to the initial resistance R,. Thus the term at the right side of

ak?

Formula (4.15) should be irrelevant to Ry, which means that should be
0
irrelevant to R,. Therefore, we can conclude that,
ak2 2
=p (4.16)
Ro

Where [ is a constant, which is irrelevant to either the initial resistance of the
fabric or the size of the fabric. § is a parameter that is only related to the
property of the knitted conductive fabric. Only fabrics with different structures
or different conductive materials have different values of . When the loop
density of the conductive knitted fabric is unchanged, the value of £ should be

unchanged. Thus Equation (4.16) becomes,

2= 1 42 2(Ty — To) — 5/4B7(Ty — To) + BTy — T)2............ 4.17)

Ro

From Equation (4.17), we can find out the meaning of the parameter . The
value of f measures how much percentage change happens to conductive

knitted fabric when temperature changes. Equation (4.17) can be simplified by
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approximate treatment,

2-;:1—3*,/(7;—%) ........................... (4.18)

Equation (4.18) can also be used in addition to Equation (4.17) when the
temperature change is not that large. According to Equation (4.16), the

resistance decrease speed k can be obtained,

k=p |~ (4.19)

Now we can combine Equation (4.9), (4.13), (4.19) together and solve the
steady-state temperature. The steady-state temperature of the conductive knitted

fabric varying with the applied voltage can be obtained,

U2
ToU) = To + e

This formula removes the temperature decrease speed k and adopt a more
intrinsic parameter f. With the help of this formula, we can easily predict what
temperature a conductive knitted fabric can achieve, when the applied voltage
U, the initial resistance R, the thermal diffusivity @ and the f value of this
kind of fabrics are obtained. f value of the fabric can be summarized and

obtained by testing a series of this kind of fabrics (same knitting structure and
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loop density but different sizes). In the above theoretical calculation process,
Equation (4.19) is the key formula and it illustrates that the resistance decrease
speed of a conductive knitted fabric during heating is not only determined by

the initial resistance but also by its thermal diffusivity.

4.4.3 Methodology and experimental design

In section 4.3, Sample 2 is used as the case study because its loop density is
close to a regular knitting textile in applications. Thus in this stage of study, the
same loop density will be applied to the fabric samples. Stoll M1 programming
system can set knitting parameters and offer various knitting fabrics for testing.
We selected five different sizes (100 courses X 100 wales, 100 courses X
110 wales , 100 courses X 120 wales , 110 courses X 100 wales ,
120 courses X 100 wales) for the conductive knitted fabric and three samples
per each size were prepared. The loop density of these fabric samples were
unified (7 courses/cm and 8 wales/cm) to make sure that they have the same f

value.

The fabric samples were heated by the DC power supply under the voltage from
5V to 17V (2V step between two testing). The fabric sample were heated for
3600 seconds in each test to make sure that the temperature of the fabric was
stable enough. And at the same time, both the resistance and temperature of the
knitted fabric in steady-state were measure and recorded. The R-U curve and 7-
U curve for each sample can be drawn base on the obtained data. Each of the
fifteen samples were treated under the same testing procedure and the R-U curve

and 7-U curve were well obtained.

4.4.4 Discussion of § value

In this section, we will measure the S value of the fabric samples and discuss
the correctness of Equation (4.16). According to Equation (4.16), values of k,

Ry, and a should be obtained first before calculating the value of f. Thus we

69



should obtain the R-U curve and 7-U curve for each sample and then use fitting
method to obtain the values of k, R,, and a. We will take the fabric sample
with size of 100 courses X 100 wales as the study case in the following
process. The R-U curve and 7-U curve for this fabric sample are presented in

Figure 4.13, 4.114.
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FIGURE 4.13. Stable-state resistance R vs. U curve of the
sample(100 courses X 100 wales) and the linear fitting of the data (red

line).
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FIGURE 4.14. The measured and fitted (red line) temperature of the sample

(100 courses X 100 wales) as a function of voltage.
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The fitting method is the same as used in Section 4.1. The linear fitting is
adopted to fit the relationship between the resistance and the applied voltage and
the fitting curve is y=32.06-0.38x. The fitting correlation coefficient of 0.998 is
achieved, which indicates a good fitting result. There’s a good linear
relationship between the steady-state resistance and the applied voltage for the

fabric sample and the resistance varying with applied voltage is,

R, = 32.06 — 0.38U () 4.21)

In the same way, add Equation (4.21) into Equation (4.9) and we obtain,

U2

Ty = 215 + s (°0)

(4.22)

Equation (4.22) is used to fit the relationship between the steady-state
temperature and the applied voltage, which is also known as 7-U curve. The
fitting curve together with 7-U curve were presented in Figure 4.14. The fitted
thermal diffusivity ¢ = 0.3891 (w/°C) is obtained and the fitting correlation
coefficient is 0.997. The achieve correlation coefficient is very close to 1, which
indicates a very good fitting result. Thus Equation (4.22) can be used to simulate
the temperature of this fabric sample perfectly. With the obtained R, =
32.06 () , k=0.380 (2/V) and a = 0.389(w/°C), P =4.186X
1072(°C~%%) for the fabric sample can be achieved by Equation (4.16). Other
14 fabric samples were also processed in the sample procedure as shown above

and their data were recorded in Table 4.3 and their £ values were calculated
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and presented in Figure 4.15.

TABLE 4.3. Four parameters of all the samples

Size(cm) Ry() k(Q/V) a(w/°C) L (°C7%)

sl 32.05812 0.37999 0.38906 4186 x 1072

100 X 35.23581 0.37330 0.42720 4110 x 1072
100 s2

30.17468 0.41283 0.38337 4.653 x 1072
s3

sl 33.49344 0.42242 0.43360 4.806 x 1072

100 x 110 31.44610 0.42737 0.42049 4942 x 1072
s2

34.89066 0.36146 0.39156 3.829 x 1072
s3

sl 33.94293 0.41162 0.43804 4.676 x 1072

100 x 120 38.38969 0.31752 0.41870 3.316 x 1072
s2

40.62800 0.31892 0.39665 3.151 x 1072
s3

s1 26.32729 0.36118 0.39622 4431 x 1072
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110 x 100 28.18211 0.45510 0.40951 5.486 x 1072

s2
28.01121 0.37367 0.41285 4536 x 1072
s3
sl 25.75316 0.35083 0.42844 4525 x 1072
120 x 100 24.77041 0.37443 0.42873 4926 x 1072
s2
24.00011 0.37187 0.46732 5.189 x 1072
s3
0.06
L)
0.05 .
- L ]
B . SO
0044 " = . y=0.04451
o 0034
m 100x100
0.02 - * 100x110
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01 2 3 4 5 6 7 8 9 10111213 14 15
Samples
FIGURE 4.15. Distribution of the f values of these fifteen fabric samples and

their mean (red dot).

73



It can be observed from Figure 4.15 that the £ values of the fifteen samples are
distributed around their mean value 8 = 4.451 x 1072 (°C~%>). However, the
points in Figure 4.15 fluctuate greatly to some degree. It is mentioned before in
the theoretical section that  value is irrelevant to the size of the fabric but
determined by the loop density. As the loop densities of the fifteen samples were
unified, they should have the same [ value and the distribution of the S
points in Figure 4.15 should be a horizontal line. The actual situation can be
different from the theory, because the variation in samples is not considered in
theory. Especially, in the situation of textile industry, it is more common. As
presented in Figure 4.15, it seems that the points go without any pattern. But
when the attention is paid to the overall trend of the points, it can be found that
the points are all the way around a certain value (mean value), even though the
variation of the distribution if a little large. Therefore, we can conclude that the
data obtained from the testing did accord with what the theory predicted. The
point distribution is not that convergent for the following reasons. First and
foremost, the physical morphology of the fabric sample cannot fully recover to
the same initial point, which was already discussed in Section 4.3. It means that,
even for one sample, the f value obtained from today’s testing cannot be the
same as that obtained from tomorrow’s testing. Because, when the today’s initial
resistance is different with tomorrow’s initial resistance, their calculated S
values must be different. In other words, the f value is determined by the initial
condition of the fabric sample and can vary in different testing. The second
reason is that the structures and parameters of these fifteen samples cannot be
totally the same and may vary to some degree. Though they were fabricated by
the same machine and same process, it is impossible to make totally identical
fabrics. Especially in textile industry, the variation between samples is
considerable large. In addition to the above two reasons, error in every
measuring step cannot be avoided. In conclusion, the big fluctuation of the data
in Figure 4.15 is reasonable and can be explained from two aspects: limitation
of quality control and morphologic change of textile materials. According to this
situation, measurement of § value can be conducted by the statistical method.

Enough samples should be prepared and tested to obtain a mean value to
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estimate the f value.

4.4.5 Estimation of initial resistance

According to Equation (4.20), study of the initial resistance is necessary to
calculate the steady-state temperature of conductive knitted fabrics. Fortunately,
the calculation of the resistance of the conductive knitted fabric has already been
studied before, which has been discussed in Chapter Two. The initial resistance
that we are discussing in this section is the static resistance in Chapter Two.
Equation (2.7) in Chapter Two illustrates that the resistance of a conductive
knitted fabric is positively correlated with the wale number N and negatively
correlated with the course number M. In general, the course number M and wale

number N of a knitted fabric can be big enough (M,N ~100 in our experiment),

M,N > 1 (4.23)

In this situation, Equation (2.7) can be simplified through removing the edge

effect. Thus we can obtain the static resistance formula in a compact form,

N

Ry = Py (4.24)
Where p is the resistivity of the fabric, which measures the resistance per unit
area of the fabric. Formula (4.24) can be regarded as the initial resistance R, in
Equation (4.20). We used the Formula (4.24) to fit the initial resistance of the
fifteen sample and the fitting result is shown in Figure 4.16.The fitted resistivity

of the samples is p = 30.94(2 and correlation coefficient 0.8306 is achieved.
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The correlation coefficient of 0.8306 and the data distribution in Figure 4.16
together indicate that the variation of the initial resistance is not small to some
degree. As mentioned before in discussion of S value, two reasons lead to big
variation. The first reason is that the measure initial resistance can be different
in two tests for the same fabric due to the morphologic change after heating. The
second reason is that inconsistency always happens to two textile products made
by the same machine and same fabrication procedure, which is inevitable.
Fortunately, the overall trend of the data in Figure 4.16 is consistent with
Formula (4.24). Thus Formula (4.24) can be successfully applied to represent
the initial resistance of the samples in our testing, where the resistivity is p =

30.9410.
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FIGURE 4.16. Initial resistance of these fifteen samples and the fitting of the

data (red line).
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4.4.6 Study of thermal diffusivity

In Section 4.4.4 and 4.4.5, the § value and the initial resistance R, were
already discussed. According to Equation (4.20), the remaining parameter that
should be studied is the thermal diffusivity of the fabric. The thermal diffusivity
of a material measures its ability to conduct heat and in our test it measures how
fast the heat can dissipated from the hot side (thermal fabric) to the cold side
(surrounding environment). Generally speaking, the thermal diffusivity is
proportional to the cross-sectional area of the heat flux. In our test, the cross-
sectional area if the area of conductive knitted fabric. Because the only
difference between the fabric samples are the course number M and wale
number N, these fifteen fabrics can be regarded as the same material and have

the same diffusivity density. We use the value M * N as the area of the fabric,

S=Mx*N (4.25)

Thus the thermal diffusivity density or thermal diffusivity per unit area a can

be obtained,

(4.26)

Theoretically, the thermal diffusivity density of the fifteen samples should be
unified as they have the same knitting structure and same loop density. The
thermal diffusivity density or thermal diffusivity per unit area is presented in

Figure 4.17,
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FIGURE 4.17. Thermal diffusivity per unit area of the fifteen samples

Figure 4.17 gives a totally different result. The thermal diffusivity per unit area
in Figure 4.17 has a decrease trend when the area of the fabric increases, which
is a big departure from the prediction that diffusivity densities of samples are
the same. The reason behind this result is that the heat flux model is simplified
(Figure 4.18). Theoretically, we assume that the heat flux is totally perpendicular
to the thermal fabric and ignored the edge effect, which leads to limitation in
applications. In actual situation of heating process, there must exist other heat
flux model other than the one presented in Figure 4.18 (a). For example, there
exist horizontal mode of heat flux at the edge of fabric as shown in Figure 4.18
(b). When the edge effect is taken into consideration, the calculation of the
thermal diffusivity becomes complicated. We assume that the thermal
diffusivity contributed by the edge effect is related to the perimeter of the fabric.
In Figure 4.19, there are two thermal fabric with the same heating area. However,

the shape of the heating area in the fabric on the right side gives it longer
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perimeter and thus gives it more contact with the surrounding environment and
thus the fabric on the right side has a higher thermal diffusivity. Therefore, the
conclusion that the thermal diffusivity from edge effect is related to the
perimeter is reasonable. Therefore, the total thermal diffusivity of a conductive
knitted fabric in actual situation can be divided into two parts. One is
proportional to the area of the fabric and the other one contributed by the edge

effect is proportional to the perimeter of the heating area,

Where S is the heating area of the fabric, P is the perimeter of the heating
area, 0;, 0, are the coefficients of S and P. Equation (4.27) may be not
accurate enough but can already explain what happened in Figure 4.13. When
the area of the fabric increases, the edge effect distributed on the unit area
becomes smaller and consequently the thermal diffusivity per unit area
decreases as shown in Figure 4.17. It is known that the area is square-related to
the size of the fabric and the perimeter is linear-related to the size of the fabric.
Thus when the size of the fabric is large enough, the second term in Equation
(4.27) or the edge effect can be ignored compared with the first term. However,
in our test, the fabric samples used is not that large enough. Now the calculation
of the thermal conductivity of a fabric becomes rather complicated in an actual
situation and judgment based on experience becomes important. Fortunately, it
is found that the thermal diffusivities of these fifteen fabric samples are very
close, even though their thermal diffusivity densities differ. The thermal
diffusivities of fifteen thermal fabrics are presented in Table (4.3) in Section
4.4.4 and the mean value of a =0.416 (w/°C) was adopted in the following
study and modelling.
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FIGURE 4.18 (a) Simplified thermal diffusion model which neglects the edge

effect; (b) There exist other heat transfer mode at the edge of the fabric

FIGURE 4.19. Two fabrics have the same area. The fabric in “ring” shape (b)

on the right has much more contact with the surrounding environment
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4.4.7 Temperature simulation for fabrics of different sizes

In Section 4.4.4,4.4.5 and 4.4.6, the 8 value, initial resistance R, and thermal
diffusivity a, which are the three important parameters in Equation (4.20), were
already discussed and the calculation formula were also obtained. Thus in this
section, we can simulate the steady-state temperature of the conductive knitted
fabric samples based on the results obtained from Section 4.4.4,4.4.5 and 4.4.6.
The error between the simulation and experimental data will be evaluated. A
good simulation of the theoretical model will indicate the correctness of
Formula (4.20) and applicability of the heating process theory. Formula is our
key point to predict what temperature a conductive knitted fabric can achieve.
Thus Formula (4.20) will be used to simulate the steady-state of fifteen samples.
As the p value, initial resistance R, and thermal diffusivity a were already

studied, we can combine them together with formula (4.20) and finally obtain,

U2

N YARRRRREE R R R R R
a*p*M—U*ﬁ* a*p*ﬁ

TS(U) = TO +

Where a =0.416 (w/°C) and p = 30.94(2. Formula (4.28) is the ultimate
result for the conductive knitted fabric, which gives the relationship between the
temperature of the fabric T, applied voltage U, course number M, wale
number N. With the help of this formula, the course number and wale number
can be adjusted to obtain the requested fabric. With the thermal diffusivity o

and initial resistivity p known, Formula (4.28) becomes,

UZ

12.87*%—0.16*U*\[§

TS(U) = TO +
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Now Formula (4.29) is used to fit the steady-state temperature of the fifteen
fabric samples. The 7-U curve together with the fitting curve are presented in
Figure 4.20. Figure 4.20 shows a satisfactory fitting result, which indicates the
applicability of Formula (4.20) and (4.28) and proves the correctness of the
generalized model for fabric in different sizes. However, we can still find some
deviation in the fitting results, especially the one in Figure 4.20 (d). A significant
deviation of the actual result from the theoretical modeling sometimes can
happen just like Figure 4.20(d) for two reasons, which were already mentioned
before. Firstly, due to the irreversible morphologic change, the parameters of
the same sample such as the initial resistance can be different in two tests to

some degree. Secondly, it is impossible to obtain two exactly consistent fabric

samples made by the same machine and made from the same fabrication process.
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4.4.8 Summary

In conclusion, verification of a generalized theoretical model for conductive
knitted fabrics of different sizes and identification of the parameters of the
fabrics was conducted in Section 4.4. The satisfactory simulation result
indicates that the theoretical model can be used for temperature prediction or
temperature control of conductive knitted fabrics in future applications. In
addition, great deviation may occur mainly due to two unavoidable reason:
limitation of quality control in textile industry and morphologic change of textile

materials. We should pay attention to such deviations.

4.5 Influence of airflow on thermal fabrics

4.5.1 Introduction

In Sections 4.3 and 4.4, the thermal behaviour of thermal functional fabric was
studied, and the parameters that are related to the thermal behaviour were also
explored. However, some external factors or environmental factors have never
been taken into consideration. When a thermal functional fabric is in use, the
surrounding environmental conditions will certainly influence its functions. The
surrounding environment also plays an important role when the thermal fabric
is attempting to achieve a certain temperature. Undoubtedly, the airflow or wind
around a thermal fabric should be one of the most important environmental
factors. The airflow can greatly influence the heating process of thermal fabrics.
It is obvious that stronger airflow (better ventilation) leads to faster heat loss
from a fabric and results in a lower achieved temperature. When a thermal fabric
is in a ventilated environment, the influence of the airflow should be taken into
consideration, or the accuracy of the temperature control will be decreased.
Because precise temperature control is the key to thermal fabrics, there is a

demand for exploring the influence of airflow or wind on thermal fabrics during
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heating. The research carried out is meaningful for the use of thermal fabrics

when a ventilated environment cannot be avoided.

4.5.2 Theoretical

The heat transfer theory of heat conduction and heat convention has been
explored in Physics. However, there’s still a demand to investigate the heat
transfer process on a textile base for two reasons. Firstly, there exist heat
conduction and heat convention in the textile base and the theoretical calculation
behind is very complicated. It is not feasible to apply the over-complicated
theory into an actual situation of a thermal fabric in heating and it is impossible
to process the simulation. Thus a more compact model is needed to analyze the
heat transfer process in thermal textiles which is in a ventilated environment.
Secondly, the actual situation may be different for a textile based material
because of the unique properties of textiles. The structure of textiles can have
unexpected influence on the surrounding airflow such as air transmission and
air reflection, which will complicate the heat transmission and heat reflection.
Thus the previous theory may not be applicable in the thermal textiles. In our
study, theoretical analysis combined with experimental verification will be
carried out to investigate the influence of the surrounding airflow on the thermal

textiles.

In addition to the strength of the airflow, its flow direction is also required to be
taken into consideration. It is highly possible that the flow direction of the
airflow plays an important role and different flow directions can lead to different

achieved temperatures.

Heat transfer is a process of heat energy transfer between physical systems
(generally from hot system to cold system). The heat transfer process is always
driven by temperature difference, which is also known as temperature gradient.

Thus the heat transfer process will continue until all the involved systems reach
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the same temperature and the thermal equilibrium is achieved. There’re three
modes of heat transfer: heat conduction, convective heat transfer and radiation.
In thermal fabrics, radiation is subtle and can be ignored. Thus we only consider
the heat conduction process and convective heat transfer process in thermal
fabrics. Especially, the convective heat transfer plays a more important role in
heat transfer in thermal fabrics because fabric and air are both weak heat
conductors and heat conduction in thermal fabrics can be neglected to some

degree.

Heat conduction theory tells that the heat transfer rate in a material is
proportional to the temperature gradient in the material. The temperature
gradient refers to the temperature difference between the thermal fabric and its

surrounding environment.  Thus the heat flux from the fabric to the

onut

surrounding environment is proportional to the difference between the

temperature of the fabric T and the temperature of its surroundings

environment T,

Lout = 14 (T = Ty) (4.30)

where A is the thermal conductivity contributed by heat conduction and A is
related to the thermal conductivity of thermal fabric and the air in it. It is known
that both the textile and air are bad heat conductors and thus the thermal
conductivity contributed by heat conduction is low. In this situation, the heat
conduction process can be ignored and the convective heat transfer dominates
the whole heat transfer process. The mechanism of convective heat transfer is
totally different from the heat conduction. The heat flux of convective heat
transfer is driven by air flux, which is much more complicated. Theoretically,
the process of convective heat transfer is achieved when the hot object is moved
to a cold system. Thus the convective heat transfer in thermal fabric is achieved

by transferring the air from the fabric to the surrounding environment.
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onut

Consequently, the heat flux is proportional to the air flow rate and the

heat capacity of air,

d?iotut:A*v*p*c*(T—TO) (431)

dQ . . . )
where d—f is the heat flux rate, A is the cross-sectional area of the flow, v is

the air flow rate or wind speed, p is the density of air, and c is the heat capacity
of air. As mentioned before, the direction of airflow can also influence the heat
transfer process in thermal fabric. We assume that the air above the fabric flows
away from the fabric at a rate v regardless of whatever direction the air flows
across the fabric. The the thermal conductivity contributed by the convective

heat transfer process is also irrelevant to the airflow direction,

A =Axvspxc (4.32)

Thus the total thermal conductivity of the thermal fabric can be obtained,

Atotat = A+ Axv*pxc (4.33)

Where the first term is from the heat conduction process and the second term is
from the convective heat transfer process. In general, the first term is much
smaller than the second term and thus can be ignored. Formula (4.33) is just a
result of the assumption and it remains to be verified. According to (4.33), the
total thermal conductivity of a thermal fabric in ventilated environment is

proportional to the airflow rate v regardless of its flow direction,

Atotal"'v (4-34)
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In the following study, the influence of the airflow rate and airflow direction on
the thermal conductivity of thermal fabrics will be investigated and the

correctness of Equation (4.34) will be explored.

It should be mentioned that the thermal conductivity or thermal resistance of the
fabric in this thesis may be a little different from the regular “thermal
conductivity” of a material. The thermal conductivity/resistance here is the total
thermal conductivity/resistance of the fabric regardless of its area or thickness.
It only scale the fabric’s ability to conduct heat and thus its unit is w/°C instead

of w/(m * °C).

4.5.3 Methodology and experimental design

Conductive fabric with weaving structure was selected as the thermal fabric in the
following tests because the woven fabric is more stable and uniform in resistance
distribution. The finished conductive woven fabric was 4.8 inches x 5.9 inches in
size while its weft and warp densities were 30 picks/inch and 40 ends/inch

respectively as shown in Figure 4.21.
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Figure 4.21. 3D model of fabricated structure of conductive woven fabric and

arrangement of conductive yarns

The thermal fabric was heated by the DC power supply and the thermometer
sensors were prepared to collect the temperature data of the fabric, which is just

the same process as in Section 4.3 and 4.4. An electrical fan, which can adjust
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its working wind speed, was used to provide stable airflow around the thermal
fabric. And at the same time, a wind anemometer was ready to record the wind
speed around the fabric. The wind speed was measured for five times in one test
and averaged to reduce the error. The whole testing systems is shown in Figure

4.22.

Temperture sensor

1—|- ]

J Power Supply

Figure 4.22. Testing equipment and control and analysis system

Control and
analysis system

—= Proposed fabric

In this section, we aim to find out the relationship between the thermal
conductivity of the thermal fabric and the surround airflow. Influence of both
the airflow rate and the flow direction will be taken into consideration. Thus the
thermal conductivity of the thermal fabric should be obtained when airflows of
different wind speed and different direction are applied. We aim to find out
how the airflow rate/wind speed and flow direction can influence the thermal

conductivity of the fabric. In order to obtain the thermal conductivity of the

thermal fabric, according to Equation (4.30), % and T — T, should be

dQout

measured. When the thermal fabric achieve an equilibrium state, equals

to the input electric power,

dQoy
Tt = Pin (435)

Thus with Euqation (4.30), we have the following relationship,
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P, =A% (T =T, (4.36)

Therefore, the thermal conductivity of the fabric can achieved by fitting the
relationship between the input power electricity and the temperature difference
T — T,. Thus the temperature difference T — T, under different input power

should be measured for the further fitting process.

4.5.4 Influence of airflow on thermal conductivity

According Equation (4.36), the temperature difference T —T, will be
measured under different input electric power. The DC power supply was used
to provide different power to heat the thermal fabric and the thermal fabric was
heated for 1800 seconds to achieve thermal equilibrium in each test. The
conductive knitted fabric in previous research was heated for 3600 seconds
because it was found that it takes longer for conductive knitted fabric to reach
equilibrium state. The equilibrium temperatures under different power were
recorded for further fitting. In addition, the airflow rate around the thermal

fabric was also measured and recorded.

In the first step of this section of research, we will test the thermal fabric without
airflow and thus the fan was turned off. Our lab environment is poor-ventilated
to ensure the airflow around the fabric can be neglected. Furthermore, the wind
anemometer showing 0 (m/s) of the airflow rate again guaranteed the poor-
ventilated environment. Three appropriate output powers of the DC power
supply were set to heat the thermal fabric and the corresponding obtained
temperature was recorded. The temperature difference between the fabric and
environment T — T, was obtained by subtracting the room temperature from
the temperature of fabric. Thus the relationship between the input electric power
P, and the temperature difference T — T, was obtained (Figure 4.23).

Equation (4.36) indicates a linear relationship between the input electric power
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P;,, and the temperature difference T — T,. Thus Equation (4.36) was used to
fit the data and the fitted curve y = 0.30x was obtained. Thus the fitted
thermal conductivity A is 0.30 (w/°C) when airflow rate v =0 m/s. The
fitting correlation coefficient of 0.992 indicates that the proportional

relationship between the input power and temperature difference was proved.

i y=0.3011x (v=0) , R?=0.992
7_ \

Power (w)
(=]
1

K ’ ‘ (UL L PR W i [t ] ¥ L. ]
13 14 15 16 17 18 19 20 21 22 23 24 25 26
Difference in Temperature (°C)

Figure 4.23. Temperature difference under different power and its fitting curve

(red line) when airflow rate v =0 m/s.

The following tests were conducted when airflow rate v # 0. Thus the fan was
turned on to provide different airflow around the thermal fabric and the board
under the fabric can be adjusted to change the air inflow angle (airflow
direction). The fan was set to provide small airflow at first and the air inflow
angle was set 8 = 0°,45°,90° in each test. In each test, the inflow angle was
set and the temperature of the fabric was measured under four different input
electric power. Then the fan was set to increase the airflow rate and the above
process was conducted repeatedly. Finally, the relationship between input
electric power and temperature difference under different airflow rate and
different air inflow angles (airflow direction) was obtained. Figure 4.24 presents
the relationship between the input electric power and the temperature difference
under different air flow rates when the applied air inflow direction is parallel to

the fabric (8 = 0°) and the achieved good fitting results illustrate that a
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proportional relationship between electrical power input and the temperature
difference under different air flow rates (Equation 4.36) is verified. This result
indicates that thermal conductivity contributed either by heat conduction or by
convective heat transfer can be obtained either from dividing the heat flux by
the temperature gradient (temperature difference), as shown in Equation (4.37)
or from the fitting slop between the input electric power and the temperature
difference. The fitting results are presented in Figure 4.24 and the fitting slop in
Figure 4.24(a)~(d) is the thermal conductivity of the fabric under a specific

airflow rate.

A = Zdiss (4.37)
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Figure 4.24. Relationship between the electrical power input and temperature
difference of thermal fabric under different airflow rates (1.25 m/s , 1.46 m/s ,
1.97 m/s and 2.22 m/s ) when air inflow angle 6 = 0° and the fitting results
(red line). It is clearly shown from a to d that with increasing airflow rate the

thermal conductivity increases continuously.

As the thermal conductivities of the thermal fabric under different airflow rates
were obtained in Figure 4.24, 1 — v curve (8 = 0°) can be drawn (Figure 4.25)
by integrating the fitting results from Figure (4.24 a~d). As Equation (4.34) in
the theoretical section that the thermal conductivity A is proportional to the
airflow rate v, a proportional functional was used to fit the relationship. The
fitting result “0 = 0°,y = 0.62627x" was obtained to simulate how the
thermal conductivity of the fabric changes with the changing airflow rate when
the airflow direction is parallel to the fabric surface. Now the A — v curve
under other air inflow angles remains to be explored. The same testing and
fitting procedure was applied when the air inflow angle 6 = 45°,90°. The
obtained A — v curve (6 = 45°90°) is presented in Figure 4.25. Figure 4.25
shows how thermal conductivity changes with air inflow rate or air inflow angle
changes. Good fitting result shown in Figure 4.25 proves both the correctness
of the heat transfer theory of fabric and the Equation (4.34). It is confirmed that
the thermal conductivity of a thermal fabric in ventilated environment is
proportional to the airflow rate. It is reasonable because the faster airflow can
carry thermal energy from the thermal fabric to the environment more quickly.
However, this is an exception in Figure 4.25 when the airflow v = 0. The point
(v = 0) is inconsistent with the pattern of other points in Figure 4.25. According
to Equation (4.34), the thermal conductivity of fabric equals to zero when the
airflow v = 0. The reason is that the airflow still exist on the fabric when the
fan stops providing airflow. When the fabric is heated, there must exist local
temperature drop on the fabric and the airflow is generated locally.
Consequently, a weak and self-generated convective heat transfer appears, even
though external airflow was not provided. Although the self-generated

convective heat transfer is weak, it cannot be neglected when there’s no external
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airflow applied. What’s more, heat conduction still exist, even air and fabric are
poor heat conductors. Thus when airflow v = 0, the self-generated convective
heat transfer and heat conduction both makes the thermal conductivity non-zero
at the point v = 0. When the airflow rate increases (above around 1.0 m/s in
Figure 4.25), the convective heat transfer by external airflow dominates the

whole heat transfer process and thus cover the self-generated heat transfer

process.
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z ]
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Figure 4.25. Thermal conductivity of thermal fabric vs. wind speed with

different inflow angles 8 = 0°,45°,90°

In Figure 4.25, it can be concluded that the thermal conductivity of the fabric is

proportional to the airflow rate ,

A=kxv (v is high enough) (4.38)

where k is the coefficient. It is found that the airflow direction has very little
influence on the k wvalue. In other words, it is the airflow rate rather than the
airflow direction that influences the thermal process of the thermal fabric, which

accords with the assumption in theoretical section. In order to further verify it,

96




another two fabric samples were prepared and same testing procedure was

applied. The k value under airflow angle 8 = 0°,45° 90° were obtained. k

value with different airflow angles for the three fabric samples are concluded in

Table (4.4). Table 4.4 again verify that the airflow direction doesn’t affect the

thermal conductivity of the fabric. The air above the fabric is blew away at the

rate of airflow speed regardless of whatever angle the air flows in.

Table 4.4. k value of fabric samples with air inflow angle 6 = 0°,45°,90°

sample/ @ k( 6 = 0°) k( 6 = 45°) k( 6 = 90°)
1 0.6263 0.6594 0.6709
2 0.5845 0.6108 0.6156
3 0.6455 0.6790 0.6931

Finally, the thermal conductivity of the thermal fabric can be obtained by the

following formula,

_ (4o
}\_{ k*v

v~0 (m/s)

airflow strong enough

(4.39)

This formula fully concludes the study result of the airflow influence on thermal

fabric. With the help of Equation (4.39), even though there exist airflow around

the thermal fabric, its thermal conductivity can be obtained. And the achieved

temperature of the fabric can be further calculated and estimated. Thus precise

thermal control can be achieved for the thermal fabric in airflow.

In conclusion, there are mainly two modes of heat transfer in the thermal fabric,
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which has airflow around. They are both convective heat transfer modes. One is
self-generated convective heat transfer and the other one is convective heat
transfer by external airflow. These two modes compete with each other when
the airflow rate increases. When airflow is low enough, the self-generated heat
transfer plays an important role. With further stronger airflow, the convective
heat transfer by external airflow dominates the total heat transfer process and
covers the self-generated one. When the airflow is strong enough, the thermal
conductivity of the fabric is proportional to the airflow rate. According to the

previous research, the achieved temperature of the fabric can be obtained,

Ts(U) =T, + (4.40)

U
A *Rg

The influence of airflow is never taken into consideration in previous research.
Equation (4.40) is not applicable to thermal fabric in ventilated environment
because the A in Equation (4.40) strongly depends on the airflow. Fortunately,
A—v is obtained in Equation (4.39). The research result in this section
complements the previous theory and applies the formula to the heating process
in a ventilated environment. For example, Equation (4.40) can be transformed

into the following form when the airflow is strong enough,

TS(U) = TO +

(4.41)

kxv*Rg

Thus the thermal fabric can be designed accordingly to deal with the windy
situation. A thermal garment with a heating area on the waist is designed to deal
with the windy situation. The fabric structure and the arrangement of the silver-
coated yarns were designed based on the heating theory proposed in Formula
(4.41). The temperature control system can make adjustment according to the
airflow rate and provide required voltage. This garment can achieve more

accurate temperature control through providing more power to offset the heat
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loss by airflow, which is shown in Figure (4.26). Thus in this section, precise
temperature control for the thermal fabric in windy environment is finally

achieved successfully.

Figure 4.26. (a) Thermal garment with heating area near the waist area; (b)
Infrared image of thermal garment when heated; The left thermal garment taking
into consideration air flow (left) vs. garment without taking into consideration
air flow; (c) it is shown that the garment considering the air flow (up) achieves
more precise temperature than the garment without considering that (down)

because it provides more power to offset the heat loss;

4.5.5 Summary

In conclusion, in this section, the influence of airflow on the heating process of
thermal fabrics was explored, and the relationship between the heat dissipation
capacity (thermal conductivity) and the airflow was determined. A proportional
relationship between the thermal conductivity and the airflow rate was found
when the airflow was sufficiently strong. The direction of the airflow has a very
limited influence on the heat dissipation by the thermal fabric during heating.
Moreover, when the airflow rate is zero, the thermal conductivity of the fabric
will not be zero due to self-generated convective heat transfer. Based on the
above research results, we can adjust the parameters of a thermal fabric to make
the thermal fabric applicable in a windy environment. Furthermore, the 1 — v

curve of a thermal fabric makes conductive textiles promising candidates as
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wind anemometers.

4.6 Thermal Fabrics under Heat-retaining Cover Layers

4.6.1 Introduction

The effect of a covering material on the thermal fabric, which is also regarded as
a type of environmental factor, has never been studied in previous research.
Obviously, external cover layers play an important role in preventing heat transfer
and improving heat retention. Not taking into consideration the effect of external
coverage would seriously affect the precision of thermal control. It is speculated
that external cover layers with lower thermal conductivity are better able to help
thermal fabrics retain heat, and cover layers with better thermal conductivity have
a weaker ability to enhance warmth retention. However, the extent to which an
external cover can influence the temperature control of thermal fabrics is still
unclear. It is known that a thermal conductivity metre can measure the conductivity
of a fabric. Thus, another question is whether the measured thermal conductivity
of a fabric cover can be applied to the heating process directly. Precise thermal
control is very important in some applications. Taking thermal treatment as an
example, some drugs require an optimal working point to function. Thus, there is
a demand to investigate the quantitative effect of cover layers on thermal control.
In our study, we will focus on the two questions mentioned above. In our first step,
a number of fabric cover layers will be applied over thermal fabrics. Studies will
focus on what type of change the covers cause in the conductivity of the heating
system. In our second step, we will measure the conductivity of the cover layers
by a thermal conductivity metre directly and then assess whether the measure

values are consistent with the heating process in step 1.

4.6.2 Theoretical
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Figure 4.27. Heat flux goes through covers on thermal fabric

Heat transfer is a physical process of thermal energy exchange between systems.
It is driven by temperature differences between systems until all involved bodies
and surroundings reach the same temperature when the situation is called thermal
equilibrium. The law of heat transfer states that the time rate of heat transfer

through a material is proportional to the gradient in temperature. That is, for

: . . . d
thermal fabrics, the heat flux from the fabric to the surrounding environment Lout

is proportional to the temperature difference between the fabric and its

surroundings.

Hout = Ax (T = To) (4.42)

A is the thermal conductivity under heat transfer, which measures the ability of a
material to conduct heat. But in our study, A refers to the ability of the thermal
fabric to conduct heat to its surrounding environment. The amount of heat
dissipation from the thermal fabric to the surrounding environment also equals to

the electrical power input when thermal equilibrium is achieved.

onu
ot _ p, (4.43)

By combining Equation (4.42) and (4.43), we can obtain:

101



Py, =A% (T —Ty) (4.44)

Equation (4.44) indicates that the temperature increase of the thermal fabric is
proportional to the electricity input and the scale factor 4 measures the heat
dissipation rate from the thermal fabric to the surrounding environment. However,
this A in our study does not only represent the conductivity of one material but
also reflect the combination of conductivities of both the thermal fabric and the
surrounding air. Actually the whole thermal transfer process in the thermal fabric
includes two parts: heat is transferred from the thermal fabric to the surrounding
air and then dissipates in the air (into the distance). It is assumed that the

temperature of the fabric and the surrounding air is T and T,. So we can obtain:

Qa-infinity = Ag * (Ty — Tp) (4.46)

Where qy_,, is the heat flux from fabric to the surrounding air, A is the thermal
conductivity of the fabric part in the whole system, qqinfinity 1S the heat
dissipation rate in the air (we assume the heat dissipated to infinity), A, is the
conductivity of the air part in the whole system, and T, is the environmental
temperature. Because the system is in thermal equilibrium, from the law of
conservation of energy, we can infer that the heat flux should be stable all the way.
Or there will exist some places, where heat accumulates or dissipates.
Consequently, it would lead temperature to increase or decrease infinitely and the
thermal equilibrium would be destroyed. In other words, the heat flux from thermal
fabric to the surrounding air qs_, and the heat dissipated from the surrounding

air to the environment qq_,infinity Should both equal to the input electricity Py,:

Qf-a = Qf-»a = p; (4.47)
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By transforming Equation (4.45) and (4.46) with combining Equation (4.47), we

can obtain:

Pin
Fria (4.48)
Pin

Then add up Equation (4.48) and (4.49), we can obtain:

1 1
Py + (E + Z) =T, —T, (4.50)
or
1
Af Za

Finally, the conductivity of the whole system is obtained as % , which takes

T
the thermal property of both the fabric and air into consideration. Now let N fabrics
whose thermal conductivities are A1, 4, ... 4,, cover the heating fabric, heat will

flow cross these layers of fabrics and then dissipates in the air. The whole process

is similar to the previous one and we can obtain a series of equations:

Pin _
P.
f =T —-T
P.
{5 =1-Ts (4.52)
e
Z =T, —T,
P;
K/l_: =Tqa =T

Sum up these equations, we can obtain:
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P, ( += + + S +> Ty — T, (4.53)

or

1
Pin:1,1|1| |1,1*(Tf_TO) (4.54)

Afnllnlzn’“nlnnla

Thus the conductivity of the thermal fabrics covered with a number of fabrics is
obtained as:

A= (4.55)

Af P PR

This result indicates that more layers of covers lead to worse conductivity, which

is consistent with our common sense that more covers help hold warm. If we use

. 1. .
thermal resistance R; to replace 7 in the above equations,

i

1

R; = o (4.56)
Equation (4.53) becomes:
where

Equation (4.57) and (4.58) indicate that the temperature increase of thermal fabric
Tr — Ty can be easily obtained by multiplying the heat flux (or input electricity)
by the total thermal resistance. And the total thermal resistance of the thermal
fabric covered with different layers can be achieved by simply adding up the
thermal resistance of each layer. In other words, thermal resistance is linear in a
layer or sandwich structure where thermal flux is vertical to the plane of each layer.
It is a convenient conclusion that we can apply to thermal calculation with multi-

cover problems. N layers of same fabrics are applied to cover the thermal fabrics
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in our testing. Equation (4.58) can be simplified as:

R=Rs +Ry+n+*Ry (4.59)

where R, is the thermal resistance of single layer of the applied cover on the
thermal fabric. n * R; in the above formula indicates the change that the multi-
cover effect bring to the system. Moreover, equation (4.59) can also be expressed

as:

R=R; +Ry+n*R +mx*R, (4.60)

Where R;, R, are the thermal resistances of two different kinds of covers and
n, m are the numbers of them. Therefore, in the system, where thermal fabric
are covered with layers of same fabrics, it is highly possible that there is a linear
relationship between the total thermal resistance and the number of covers. The
effect of covers on the thermal fabric remains to be explored and determined by

the experimental test.

4.6.3 Methodology and experimental design
Methodology

Part 1

The aim of the study in Part I is to explore how the covers on the thermal fabric
can have an effect on the thermal process of the whole system. Specifically, this
study will focus on the relationship between the thermal conductivity (or thermal
resistance) of the system and the cover added. As we mentioned, there may exist a
linear relationship between the total thermal resistance and the number of covers.
Thus, the thermal resistance of the system will be measured each time a cover is

added on. According to Equation (4.57), the thermal resistance of the system can
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be obtained:

_Tf—To
Pin

(4.61)
It indicates that the thermal resistance can be obtained by measuring the electrical
power input and the temperature difference between thermal fabric and the
surrounding environment. The linear fitting method is used to assess the thermal
resistance with different number of covers applied on the thermal fabric and further

to verify the accuracy of the hypothesis in Equation (4.59)~(4.60)

Part I1

The aim of the study in Part I is to explore if the thermal resistance of a fabric
measured by thermal conductivity tester machine can be used to predict the
covering effect in application. In other words, if the thermal resistance of a fabric
measured by machine is consistent with the thermal resistance simulated from the
heating experiment, the thermal resistance by machine can be a direct and
successful parameter in application. In order to explore the relationship, the
thermal resistance of different fabric covers will be measured by thermal
conductivity tester machine and the simulated resistance of the cover in heating
process will be obtained with the help of following formula, which is derived from

Equation (4.58),

Ry = Reotar — Rf (4.62)

Where Ry , Rf , Riptqr are the thermal resistance of cover, heating fabric and

their combination and all of them can be measured and calculated by Equation

(4.61).
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Materials and Setup

Woven structure was selected in fabricating the thermal fabric, as woven fabric is
more stable and uniform in resistance distribution, which is conducive to the
uniformity of the temperature distribution on the fabric in the heating process. In
fabrication, yarn A were embedded into the woven fabric to provide the fabric with

conductive properties.

1.00 mm

Figure 4.281(a) The thermal fabric woven with conductive silver yarns; (b)
Longitudinal view & Cross-sectional view of the conductive yarn; (c)~(d)
structure of woven thermal fabric embedded with conducting silver yarns; (e) the

thermal fabric and fabricating process

Ten different kinds of fabrics are selected as the covering materials, whose thermal
resistances range from low to high (Figure 4.29). The components and fabricating

structures of these ten fabrics also differ and Table 4.5 shows the weight density
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of each fabric material.

Warm-keep cover(s)

Multi-layer cover

Fabric 1 Fabric 2

) /,),\

LA ERK

I,,’

')

Single-layer cover

Fabric 3 Fabric 4 Fabric 5 Fabric 6
Fabric 8 Fabric 9 Fabric 10 Fabric 11

Figure 4.29. eleven different kinds of fabric materials

Table 4.5. Weight density of eleven fabric materials

\'wll//l‘
o

" Y XY

Thermal Fabric

Fabric 7

GIM? Fabric Fabric Fabric Fabric Fabric Fabric Fabric Fabric

Fabric Fabric Fabric

9 10 11

26375 26813 167.06 22481 23231 16506 249.38  360.19

34731  186.38  224.69

The woven fabric was not washed or ironed prior to the testing. Instead, the

thermal fabric was dry relaxed and aligned on a rigid, non-conductive foam

board for measurement purposes. The power supply was used to

heat the fabric

in the following test. An electronic thermometer was used to measure and record

the temperature of the thermal fabric. The thermometer sensor was evenly

placed at five locations on the thermal fabric to measure the temperature, and

the average of the five temperatures was taken to represent the apparent

temperature of the

heated fabric. The thermal conductivity tester
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THERMOLABO 1I system (Figure 4.4) was used to measure the thermal
conductivity/resistance directly. But it can measure the thermal
conductivity/resistance of a 5 * 5 ¢m? fabric. Some adjustment will be made

to obtain thermal conductivity/resistance of the covering fabrics.

4.6.4 Part I: multiple-cover effect

The DC power supply was used to heat the fabric with increasing electrical
power and the thermal fabric was heated for 1800 seconds to achieve thermal
equilibrium. It was guaranteed that thermal equilibrium was achieved in all the
testing because the temperature was stable after 1800 seconds’ heating. The
achieved temperature of the thermal fabric and the applied power were both
recorded. Three applied voltages of the DC power supply were set to provide
three different powers to heat the thermal fabric respectively and the
corresponding obtained equilibrium temperatures were recorded. The
temperature difference between the thermal fabric and the surrounding
environment was obtained by subtracting the initial temperature. Then the
temperature difference varying with power input was obtained in Figure 4.30.
Equation (4.57) indicates that the temperature difference is proportional to the
power input. Thus Equation (4.57) was used to fit the relationship between
temperature difference and the power input. The fitting result is presented in

Figure 4.30 that:

Tr — Ty = 4.963 * P (°C) (4.63)

Thus the fitting thermal resistance of the fabric R was 4.963 (°C/W). The
regression coefficient was achieved as 0.9933, which indicates that the
proportional relationship between the temperature difference and the power input
is confirmed and the fitting method is an effective way to measure the thermal

resistance of the system.
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Figure 4.30. Temperature difference between the thermal fabric and surrounding

environment varying with the electrical power input.

Then a layer of fabric A was placed on the thermal fabric to cover its surface. Now
the system was composed of the thermal fabric and a layer of fabric cover A. The
same method would be applied to obtain the thermal resistance of the system. The
thermal fabric was again heated for 1800 seconds with three different supplied
powers as before to achieve thermal equilibrium of the whole system. The
achieved temperature of the thermal fabric and the supplied electrical power were
both recorded under thermal equilibrium in each test. With the data of temperature
difference and power input, fitting method was used to obtain the thermal
resistance of the system as we did before. Then another layer of fabric A was placed
on the thermal fabric. As a result, two layers of fabric A were covered on the
thermal fabric. The same process was repeated as before to obtain the thermal
resistance of the system. The thermal resistance of system was measured each time
one layer of fabric cover was added to the system. Finally, the relationship between
the thermal resistance of the system and the number of cover A were obtained,
which is presented in Figure 4.31. Equation (4.59) presents that there is a linear

relationship between the thermal resistance of the system and the number of covers.
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Thus the linear fitting method was used to fit the relationship between the thermal
resistance and the number of covers. The fitting thermal resistance of the system

is obtained:

R =5.0325+ 1.033 xn (°C/W) (4.64)

where the fitting thermal resistance of single layer of the applied cover A on the
thermal fabric is 1.033 (°C/W). The regression coefficient of 0.9977 was
achieved which indicates that there is a very good linear relationship between the
thermal resistance of the system and the number of fabric cover A, which indicates
that the experimental result is consistent with Equation (4.59). Then we replaced
fabric cover A with fabric cover B and measured the thermal resistance of the
system. The relationship between the thermal resistance of the system and the
number of cover B were obtained, which is presented in Figure 4.32. The fitted

thermal resistance of the system is obtained as:

R = 5.0325 + 1.1984 * n (°C/W) (4.65)

where the fitting thermal resistance of single layer of the applied cover B on the

thermal fabric is 1.1984 (°C/W). The regression coefficient of 0.9993 was

achieved which indicates that there is a very good linear relationship between the

thermal resistance of the system and the number of fabric cover B.
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Then we covered the thermal fabric by mixing fabric cover A with fabric cover B.

We aimed to seek how the thermal resistance changes when we applied two
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different kinds of covers on the thermal fabric. In this step, we put several pieces
of fabric cover A and several pieces of fabric cover B on the thermal fabric and
measured the thermal resistance of the system. Finally, we obtain how thermal
resistance of system varies with n, m (number of fabric cover A and B). Their
relationship is shown in Figure 4.33. Equation (4.60) presents that there is a linear
relationship between the thermal resistance of the system and the numbers of fabric
cover A, B. Thus the linear fitting method was used to fit the relationship between
the thermal resistance and the number of covers. The fitting thermal resistance of

the system is obtained:

R =5.0325+ 1.143  n + 1.429 x m (°C/W) (4.66)

where the fitting thermal resistance of single layer of the applied cover A and B
are 1.143 and 1.429 (°C/W) respectively. The SSE of 0.00065 was achieved,
which indicates a very good linear relationship between the thermal resistance and

numbers of fabric cover A, B.

There’s a problem in our fitting results that the fitted thermal resistance in Eq.
(4.66) is slightly different with the fitted thermal resistance in Eq. (4.64)~(4.65).
Actually it is very common in linear regression method that the fitted coefficients
will change when different numbers of variables are applied. What’s more, when
different fabrics are mixed together, the thermal resistance can be increased.

Luckily, the fitted thermal resistance didn’t change greatly.
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Figure 4.33. Thermal resistance of the whole system when applying different

number of fabric covers

The experimental and analytical results are consistent with the heat transfer theory
discussed in “II Theoretical” and proved the feasibility of Equation (4.58), (4.59)
and (4.60). With proved theory: the thermal resistance of the system could be
obtained by simply adding up the thermal resistance of every single part, we can
easily obtain the thermal resistance of the thermal fabric covered with external
fabrics. With obtained thermal resistance of the system R, according to Equation

(4.57), the temperature of the thermal fabric can be obtained by:

where

R=Rf +R1 +R2 +"'+Rn +Ra

Therefore, the problem of thermal fabric with covers on it is solved and the
feasibility of the theory is verified. The temperature control of thermal fabric with
muti-cover can be achieved by applying Equation (4.67). It is also possible that

temperature adjustment of the thermal fabric can be achieved by adding or
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reducing the covers on the thermal fabric. Different from the applied electrical
voltage and resistance of the thermal fabric, covers become an external factor that
can affect the temperature control of thermal fabric. The study results can be very
applicable in preparing thermal garments with cold resistance in some extreme
environment. With the obtained study results, people can choose the material of
the cover and the number of cover to achieve the enough temperature they want.
What’s more, the method of adding covers to obtain higher temperature saves

electrical energy, which is conducive to long-time use of thermal garments.

4.6.5 Part II: Test the Applicability of Measured Thermal Resistance

Firstly, the thermal resistances of these selected fabric covers are measured directly
by THERMOLABO II. For each kind of fabric, five samples are prepared to be
measured and averaged. THERMOLABO II measures the thermal
conductivity/resistance of a 5 * 5 ¢m? area. So adjustment was made to obtain
thermal resistance of fabric covers. The parameter of all selected fabric covers is

presented from low to high in the following table.

Fabric Cover Thermal Fabric Cover Thermal

Resistance (°C/W) Resistance (°C/W)
No.1 0.545 No.7 1.905
No.2 0.807 No.8 2.699
No.3 0.874 No.9 3.175
No.4 1.014 No.10 4.396
No.5 1.126 No.11 6.537
No.6 1.150

Table 4.6. Measured thermal resistance of 11 fabric covers by THERMOLABO I1.
(The thermal resistance here scales the thermal property of a 5*5 area fabric
regardless of its thickness, which is different from the standard and well known

thermal resistance of a material)
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The thermal resistances of the heating fabric before and after applying the fabric
cover were measured and calculated in the same way in Part 1. According to
Equation (4.58), the growth in thermal resistance after applying fabric cover is the
thermal resistance of fabric. The measured thermal resistance by THERMOLABO
IT and actual thermal resistance during heating for all the 11 fabric covers are
shown in Figure 4.34. The result shows that the two thermal resistances are very
near when the thermal resistance is low enough. With thermal resistance increases,
the gap between them increase. It means that when the thermal resistance of a
cover fabric is too big, the actual warm-keeping ability is not as good as indicated
by tester machine. The reason is the heat flow during heating is not exactly the
same as that during test under THERMOLABO II. It is because THERMOLABO
II only measures an area of 5 * 5 ¢m?, which ensures the heat flow can be ideally
vertical to the fabric surface. However, in actual heating process, there exits other
kinds of heat flow. When the fabric cover is too good at warm-keeping, other heat
flow paths start to contribute more in heat dissipation, which makes the actual
thermal resistance of the fabric cover smaller. Therefore, when we estimate the
thermal parameters of a fabric in heating process only by using thermal
conductivity/resistance tester machine, it should be ensured that the thermal
resistance of the fabric should be small enough. This result can speed up selecting
fabrics in application of thermal cover and makes the process more efficient for

factories.
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Figure 4.34. The measured thermal resistance by THERMOLABO II and the

simulated thermal resistance during heating for 11 different fabric covers.

4.6.6 Summary

In conclusion, the effect of applying cover layers on the temperature control of
thermal fabrics has been fully explored. It was found that there is a very good linear
relationship between the thermal resistance of the system and the number of cover
layers. The linear relationship between the thermal resistance of the system and
the thermal resistance of every part in the system was proven. The thermal
resistance of the system can be obtained by simply adding up the thermal resistance
of every single part in the system. Further, the temperature control of a thermal
fabric with multiple-cover layers can be achieved. When thermal textiles are
applied in some extreme environments, simply increasing the power input may not
be sufficient to resist cold. However, the material of the cover and the number of
cover layers can be chosen to adjust the temperature and further reach the
temperature requirement. Applying cover layers to adjust the temperature not only
provides a new way to control temperature but also contributes to energy savings.
Moreover, it was found that the thermal resistance of a fabric cover measured by

a thermal conductivity meter can be directly applied to predict the actual resistance
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during the heating process when the thermal resistance of the fabric cover is not
too large. This result can help the factory managers save time when selecting

fabrics.
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CHAPTER FIVE
CONCLUSION AND FUTURE WORK

5.1 Conclusion and limitation

In conclusion, thermal fabric, which achieves heat retention through embedded
silver-coated yarns, has been fully investigated, and its internal parameters,

including electrical resistance and thermal conductivity, have been explored.

The study of the electrical resistance shows that not only the length-related
conducting resistance of the conducting yarns but also the contact resistance
between conducting yarns play essential roles in the total electrical resistance of
conductive knitted fabric. Both types of resistance decrease with increasing
temperature. In conclusion, the total resistance of a conductive knitted fabric
will change dramatically when the fabric is heated, and we must pay more
attention to this characteristic of conductive knitted fabrics in future applications.
A linear relationship exists between the stable-state resistance of a fabric and
the voltage applied, and a theoretical model was established to precisely predict

the stable-state temperature of a conductive knitted fabric.

Based on the observed pattern of resistance variation, a generalized theoretical
model, which takes the initial static resistance of the fabric, thermal conductivity,
course number and wale number as the input parameters, was proposed to
simulate the thermal behaviour of conductive knitted fabrics of various sizes.
Verification of the generalized theoretical model for conductive knitted fabrics
of different sizes and identification of the parameters of the fabrics were
conducted. The satisfactory simulation results indicated that the theoretical
model can be used for the temperature prediction or temperature control of

conductive knitted fabrics in future applications. However, the deviation existed
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in simulation and it was mainly attributed to two reasons: limitation of quality

control in textile industry and morphologic change of textile materials.

Then, external environmental factors, including airflow and cover layers over
thermal fabric, were explored, and their influence on temperature control was

investigated.

The study of the airflow influence shows that airflow greatly influences thermal
fabric. The influence of airflow on the heating process was explored for thermal
fabric, and the relationship between the heat dissipation capacity (thermal
conductivity) and the airflow was determined. A proportional relationship
between the thermal conductivity and the airflow rate was found when the
airflow was sufficiently strong. The direction of the airflow has a very limited
influence on the heat dissipation by a thermal fabric during heating. Moreover,
when the airflow rate is zero, the thermal conductivity of the fabric will not be
zero due to self-generated convective heat transfer. Based on the above research
results, we can adjust the parameters of thermal fabric for applications in windy
environments. Furthermore, the A —v curve of a thermal fabric makes

conductive textiles promising candidates as wind anemometers.

The study of the effect of cover layers on thermal fabrics shows that a cover on
a thermal fabric greatly influences its heating function. The effect of applying
cover layers on the temperature control of a thermal fabric was fully explored.
It was found that there is a very good linear relationship between the thermal
resistance of the system and the number of cover layers. The linear relationship
between the thermal resistance of the system and the thermal resistance of every
part in the system was proven. The thermal resistance of the system can be
obtained by simply adding up the thermal resistance of every single part in the
system. Further, temperature control of a thermal fabric with multiple-cover

layers can be achieved. When thermal textiles are applied in some extreme
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environments, simply increasing the power input may not be sufficient to resist
cold. However, the material of the cover and the number of cover layers can be
chosen to adjust the temperature and further reach the temperature requirement.
Applying cover layers to adjust the temperature not only provides a new way to
control the temperature but also contributes to energy savings. Moreover, it was
found that the thermal resistance of a fabric cover directly measured by a
thermal conductivity metre is different from the implied thermal resistance
during actual heating, especially when the thermal resistance is not small.
However, the directly measured thermal resistance can still be applied to predict
the actual resistance during the heating process when the thermal resistance of
the fabric cover is not too large. This result can help factory managers save time

when selecting fabrics.

This research is anticipated to complement the research on various factors that
can affect the thermal control of thermal textiles and offers a broader range of
methods for temperature adjustment to enhance the performance of thermal

textiles. However, there are some limitations of the research results.

First, in Section 4.4.6, the thermal conductivities of the samples are regarded as
the same. However, the relationship between the thermal conductivity of the
fabric and the size of the fabric is still unclear. The correctness of Equation (4.27)
is doubtful. Second, the theoretical model in Section 4.4 can only address
thermal fabrics with the same loop density. The application of the model is
limited when the loop density of the thermal fabric changes. Third, the
conducting material used in this study was silver-coated yarn, and all the
research was based on thermal fabric embedded with this type of yarn. Thus, the
research results and conclusions are based on this type of silver-coated yarn.
Although silver-coated yarns are one of the most selected conducting materials
for thermal textiles, other conducting yarns or conducting materials, such as

copper wires, are still good candidates for conducting materials. Therefore,
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when other kinds of conducting yarns are selected to fabricate thermal textiles,
the research results obtained in this study may not be applicable. The properties
of thermal textiles based on other conducting materials remain to be studied.
Finally, in the textile industry, high consistency is difficult to achieve, especially
when the fabric is embedded with conducting materials. Error is inevitable
between textile products, and the thermal function of products should be

adjusted one-by-one.

5.2 Future work

First, the relationship between the thermal conductivity of the fabric and the size
of the fabric presented in Section 4.4.6 is still unclear. Equation (4.27) remains
to be verified and adjusted in future research. The quantitative relationship
between the thermal diffusivity, area and perimeter of the fabric remains to be
determined. Moreover, as presented in Section 4.4, the generalized model can
simulate thermal fabrics of different sizes. However, the application of this
model is limited when the loop density of the thermal fabric changes. Thus, a
more generalized theory that can predict the temperature of fabrics with

different loop densities needs to be established in future work.

Second, as mentioned previously, the research results of this study are based on
thermal fabric embedded with silver-coated yarns. Thermal fabrics combined
with other conducting yarns or materials may have different properties and
undergo different heating processes. Thus, thermal fabrics fabricated with other

conducting materials will be investigated in the future.

Third, as heating garments always consume high levels of electrical power, the
ideal candidate power supply for such garments should be able to continuously

operate and be conveniently recharged. Considering the rapid improvement in
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power conversion efficiency, organic solar cells, especially perovskite solar
cells, have attracted our attention. Perovskite solar cells have a number of
advantages as a candidate power supply for heating garments. Firstly, perovskite
solar cells achieved higher power conversion efficiency than other kinds of
organic solar cells. Secondly, compared with the conventional silicon solar cells,
the fabrication of perovskite solar cells is convenient and consequently is more
cost-effective. What’s more, the perovskite solar cells are flexible mechanically
due to their extremely thin films. It is precisely because of these advantages
mentioned above, perovskite solar cells are qualified for the power supply for
the heating garments. In future work, integrating solar cell layer on the
conductive yarns in thermal fabrics to make it re-chargeable is a promising

research work.
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