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ABSTRACT 

This thesis work introduces the concept of thermal textile pixels. Thermal textile 

pixels represent a counterpart to pixels for visual communication and are within the 

repertoire of non-visual and non-audial communication modalities. This 

implementation can be important for example for persons with sight and hearing 

impairments.  

Numerous research studies have examined the thermal properties of textiles. 

Especially in the context of clothing comfort, thermal comfort and its influencing 

parameters have been most thoroughly investigated. Nevertheless, it should be 

considered that as a thermal textile pixel, the textile forms part of a system, 

governed by many parameters. Therefore, for designing such a device it is 

important to be aware of the temporal and spatial resolution of the thermal 

transmitted signal. These characteristics are influenced by multiple textile 

parameters. 

For this purpose, a thermal study has been performed investigating in- and out-of-

plane signal transmission by textiles in combination with an external thermal 

device. Using an external thermal device such as a Peltier element allowed to 

expose the specimens to heating as well as to active cooling. Different knitted 

structures and material combinations have been examined to gain a first impression 

on the behaviour of thermal pixels. 

It was found that thickness and density were the most influential factors for out-of-

plane heat transfer. In-plane was found influenced mainly by fibre conductivity. 

An anisotropic behaviour was noted in-plane, as well as between in- and out-of-

plane for heat transfer. Investigating active cooling signals, it was found that a 

significant decline of performance was noted for all specimens. 

Plain PA was found to be most suitable for the transmission of heat signals. But did 

not perform equally well during active cooling phases. Plain Shieldex was observed 

to perform most steady during heating and active cooling. 

 

Keywords: Thermal pixel, thermal feedback, thermal conductivity, heat transfer, 

Peltier element, knitted structure, anisotropy, non-audial communication, non-

visual communication, in-plane, out-of-plane 
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POPULAR ABSTRACT  

The human body possesses a highly developed range of senses that help orienting 

oneself in everyday life. Especially when it comes to navigating, perceiving and 

reacting to the world around us, people tend to rely mostly on their vision and 

hearing. Suffering from an impairment of either one, or both of the predominating 

senses means having to counterbalance this constraint. People suffering from 

blindness and deaf-blindness compensate their impairment mainly by relying on 

their haptic perception. In this case, information is usually communicated by braille 

or vibrotactile means.  

To offer another non-visual and non-audial communication concept this thesis work 

introduces, the thermal textile pixels. A thermal textile pixel consists of an external 

thermal device, able to generate hot and cold thermal impulses, and a textile 

interface to transmit the signal. In order to design such thermal textile pixel it was 

crucial to be aware of the thermal transfer occurring through and within an textile. 

Numerous research studies have examined the thermal properties of textiles, 

especially in the context of clothing comfort, thermal comfort. Nevertheless, it 

should be considered that as a thermal textile pixel, the textile forms part of a 

system, governed by many parameters. Therefore, for designing such a device it is 

important to be aware of the temporal and spatial resolution of the thermal 

transmitted signal. These characteristics are influenced by multiple textile 

parameters. 

For this purpose, a thermal study has been performed investigating in- and out-of-

plane signal transmission by textiles in combination with an external thermal 

device. Using an external thermal device such as a Peltier element allowed to 

expose the specimens to heating as well as to active cooling. Different knitted 

structures and material combinations have been examined to gain a first impression 

on the behaviour of thermal pixels. 

It was found that thickness and density were the most influential factors for out-of-

plane heat transfer. In-plane was found influenced mainly by fibre conductivity. An 

anisotropic behaviour was noted in-plane, as well as between in- and out-of-plane 

for heat transfer. Investigating active cooling signals, it was found that a significant 

decline of performance was noted for all specimens. 

Plain PA was found to be most suitable for the transmission of heat signals. But did 

not perform equally well during active cooling phases. Plain Shieldex was observed 

to perform most steady during heating and active cooling. 

  



 

iii  

ACKNOWLEDGEMENT 

I would like to express my sincere gratitude and appreciation to my supervisors, 

Nils-Krister Persson and Li Guo for all the knowledge and support during this 

process.  

The warmest thank you to all professors and technicians of the Swedish School of 

Textiles for the advice and input along the way. Especially, Emanuel Gunnarsson, 

for the extensive help and support in the e-lab and Kristian Rödby, for his 

competence and patience in the knitting lab. 

My infinite gratitude goes to my wonderful family. This experience would not have 

been possible without their endless support and love, I could not be luckier.  

Finally, thanks to my dear classmates, Grete, Linnea, Frida, Therese and Vignesh 

for the laughter, discussions and friendship during this time! 

Adriana  

  



 

iv  

TABLE OF CONTENTS 

Abstract ........................................................................................................... i 

Popular abstract.............................................................................................. ii 

Acknowledgement ........................................................................................ iii 

Table of Contents .......................................................................................... iv 

1. Introduction .............................................................................................. 1 

 Problem description .................................................................................. 3 

 Research objective .................................................................................... 6 

 Limitations ................................................................................................ 9 

 Research questions and hypothesis ........................................................... 9 

2. Literature review .................................................................................... 10 

 Background ............................................................................................. 10 

 Heat transfer in textiles ........................................................................... 13 

2.2.1. Microscopic level- Fibre dependency .............................................. 14 

2.2.2. Mesoscopic level- Yarn dependency ............................................... 15 

2.2.3. Macroscopic level- Fabric dependency ........................................... 15 

2.2.4. Macroscopic level- In-plane and out-of-plane ................................. 16 

3. Material and method .............................................................................. 17 

 Material ................................................................................................... 17 

 Method .................................................................................................... 18 

3.2.1. Preparation of fabric samples .......................................................... 18 

3.2.2. Manufacturing equipment ................................................................ 19 

3.2.3. Characterisation of textile interface ................................................. 20 

3.2.4. Characterisation of heat transfer– Out-of-plane .............................. 20 

3.2.5. Characterisation of heat transfer– In-plane ...................................... 25 

4. Results .................................................................................................... 28 

 Characterisation of textile interface ........................................................ 28 

 Characterisation of thermal behaviour – Out-of-plane ........................... 29 

4.2.1. Out-of-plane thermal conductivity ................................................... 29 

4.2.2. Temporal resolution during heating and active cooling .................. 31 

 Characterisation of thermal behaviour – In-plane ................................... 39 

4.3.1. In-plane spatial resolution ................................................................ 39 



 

v  

5. Discussion .............................................................................................. 54 

 Characterisation of textile interface ........................................................ 54 

 Characterisation of thermal behaviour – Out-of-plane ........................... 55 

5.2.1. Out-of-plane thermal resistance ....................................................... 55 

5.2.2. Out-of-plane thermal conductivity ................................................... 57 

5.2.3. Temporal resolution - Heating ......................................................... 57 

5.2.4. Temporal resolution - Cooling ......................................................... 59 

 Characterisation of thermal behaviour – In-plane ................................... 61 

5.3.1. In-plane spatial resolution- Heating ................................................. 61 

5.3.2. In-plane spatial resolution- Cooling ................................................ 64 

 Ethical and environmental considerations .............................................. 65 

6. Conclusion ............................................................................................. 67 

7. Further research...................................................................................... 68 

 

 

  



 

vi  

 

  



 

1  

1. INTRODUCTION  

Smart textiles are usually defined by their ability to sense, react to stimuli and 

conditions in our environment and record the received data (van Langenhove, 

2007).  

This work will not emphasize the sensory capabilities of a smart textile but will 

rather look at its thermal functions as an actuator and possibilities of what it can do 

to us and how it is perceived. Thermal here embraces both heating and cooling. 

When it comes to thermal applications in smart textiles the numerous products of 

companies for heating purposes, such as underwear (Inuheat, 2018), socks and 

gloves (Lenz, 2018) come into mind.  

Once the idea of the conventional implementation of thermal heating is dismissed, 

a broad range of application options offer themselves. For example, a thermal 

approach marks the Embr Wrist band (Embr Labs, 2018). This wearable consists 

of a thermal cooling module that is able to cool down or heat up for thermal 

stimulation. By exposing the wearer’s wrist to a certain thermal impulse, it is 

possible to affect their thermal perception of the surrounding. 

The human body possesses a highly developed range of senses that help orienting 

oneself in everyday life. Especially when it comes to navigating, perceiving and 

reacting to the world around us, people tend to rely mostly on their vision and 

hearing (Reed, Durlach and Braida, 1982). Suffering from an impairment of either 

one, or both of the predominating senses means having to counterbalance this 

constraint. This is achieved by using and depending on other available senses 

(Carrera et al., 2017). Even if not acknowledged enough, the sense of touch can 

offer a substantial amount of information regarding our surroundings. Especially 

temperature and tactual stimuli which are not even accessible by the use of the other 

modalities. People suffering from blindness and deaf-blindness, for instance, 

compensate their impairment by mainly relying on their haptic perception. 

According to Loomis and Ledermann (1986) haptic perception consists of the 

cutaneous sense and kinesthesis and can be defined as tactual perception, the 

perception via touch. The cutaneous sense includes all the stimuli noted by the skin, 

its receptors and nerves. A signal perceived this way is defined as tactile perception. 

The kinaesthetic sense describes the perception from within the muscles, joints and 

skin and gives information regarding the type of posture taken by certain body parts.  

The use of tactile feedback has considerable potential for three major tasks, 

nowadays and in the future: 

1. Directional Awareness 

2. Haptic Communication and 

3. Fully immersion into Virtual Reality.  
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E.g. conventional navigation systems utilize visual and audio commands. Adding a 

tactile feedback as directional alert has been proven to be an effective method in 

loud and distracting environments (van Erp and Self, 2008). In the past decade, 

many devices based on tactile feedback were developed as communication aids for 

people suffering from vision and hearing impairment, such as vibrotactile gloves, 

electronic braille readers and thermal displays (Jones and Berris, 2002; Jayant et 

al., 2010; Barbacena et al., 2011; Choudhary, Kulkarni and Reddy, 2015; Carrera 

et al., 2017). These communication devices are based on the tactile modalities of 

vibrational and thermal stimuli. 

It is noted that the majority of tactile feedback devices are currently based on the 

tactile modality of vibration, nevertheless, the value of using thermal signs 

shouldn’t be underestimated. Wilson et al. (2011) states that the research field of 

thermal feedback hasn’t been fully explored yet but expresses that the 

implementation of a salient feedback based on thermal input can have immense 

advantages in noisy and turbulent surroundings compared to vibrational ones.  

This thesis work introduces the concept of thermal textile pixels. Thermal textile 

pixels function as thermal actuator with the purpose to convey information via 

thermal stimuli. The thermal signal is generated by a thermal device such as a 

Peltier element, further also referred to as PE, and transmitted to the recipient by 

the textile interface, see figure 1. A Peltier element can operate as a cooler, as well 

as a heater due to a resulting temperature difference on both sides of the element 

when applying a current flow. This phenomena is based upon the principle of the 

Peltier effect (Lachish, 2014).  

 

 

Figure 1 Schematic diagram of the basic composition of a thermal textile pixel for thermal 

feedback purposes 

 

This non-audial and non-visual communication (NANV) modality represents a 

counterpart to visual pixels and could be a considerable implementation for persons 

with sight and hearing impairments. To determine requirements for a thermal 

textile pixel literature on human temperature perception has been reviewed. Key 

characteristics of a thermal textile pixel, such as thermal contrast, must be ensured 
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for generating a noticeable thermal signal. Therefore, it is essential to know how 

various textile materials correspond to these characteristics. For this purpose, a 

thermal study has been performed investigating the thermal behaviour of several 

knitted thermal pixel. Their heat transfer was investigated in-plane, as well as out-

of-plane by evaluating the temporal and spatial resolution of the samples during 

heating and active cooling cycles. The qualification of the investigated fabrics as 

thermal conductor is presented by illustrating their thermal response and 

behaviour.  

 PROBLEM DESCRIPTION 

As stated earlier, over the last years many industries, especially the outdoor and 

lifestyle realms, have increased their interest in launching products with thermal 

implementations. Hence, evaluating the current state of research and present 

concepts of existent products it is unexpected to discover the following 

shortcomings and challenges. A lack of research regarding the thermal spread 

within textiles, as well as minor considerations of the full exploitation of the range 

of human thermal stimulation were noted. Furthermore, a novel technology in need 

of several extensive resources, such as energy for thermal stimuli, as well as the 

processed material, needs to be discussed critically in an environmental and ethical 

context in the research process. 

Thermal behaviour of textiles 

When creating products with thermal implementations it is crucial to be aware of 

the behaviour of the textile when exposed to temperature. This applies whether the 

textile is actively involved in the thermal generation process, such as with 

incorporated conductive heating wires, or when it only functions as an inert textile 

interface or substrate. The research to characterise thermal properties of textiles has 

been conducted thoroughly for decades now (Postle, 1981; Jirsak, Gok and Ozipek, 

1998; Berger and Sari, 2000; Karaca et al., 2012; Marolleau et al., 2017). 

Nevertheless, most studies only have the context of thermal comfort in mind when 

performing thermal experiments. Research on heat transfer is mainly limited to out-

of-plane, thermal conduction in z-direction of a material, as visualized in figure 2.  
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Figure 2 Scheme of directional dependent heat transfer in a textile fabric. z-direction is 

called out-of-plane. x and y (and any linear combination thereof) is in-plane direction(s). 

The heat transfer in-plane of a material, the thermal spread, is rarely studied 

(Felczak et al., 2015). In-plane heat transfer consists of two main directions. The x-

axis describes the course direction, the y-axis the wale direction of the knit in which 

the heat transfer may occur. The few times in-plane heat transfer is examined, it is 

mostly limited to conductive materials, not conventional fibrous materials (Hao et 

al., 2012; Hamdani, Potluri and Fernando, 2013; Neruda and Vojtech, 2014; 

Felczak et al., 2015). Gaining insight of the thermal spread within conventional 

fabrics could make a real contribution to the research field and offer considerable 

knowledge in the thermal behaviour of textiles.  

Human thermal perception 

In order to create an efficient thermal stimulus, it is crucial to be aware of the human 

thermal perception. The human skin has the ability to sense temperature changes in 

order to maintain a constant body temperature and detect environmental conditions. 

These changes are sensed by two types of thermoreceptors, warm and cold ones. 

Unless the thermal sensation correlates with the human body temperature which 

ranges between 30° to 36°C, then no stimuli can be noted, even though both 

thermoreceptors spontaneously send signals (Darian-Smith and Kenneth, 1977). 

Warm thermal stimuli are perceived above 36°C but will transform rapidly into pain 

when passing the upper limit of 46°C. Resulting that only a 10°C temperature range 

is available for generating a warm feeling. Cold sensations, on the other hand are 

experienced below 30°C, slowly turning into discomfort when the temperature falls 

below 15° to 8°C. These temperature limits should be considered carefully when 

generating a thermal stimuli and critical thresholds need to be excluded reliably. If 

the thermal generator can’t meet this crucial stipulation, one must question the 

feasibility of the researched system. 

Current textile research on thermal generation  

The research in the field of generating thermal stimuli via a textile system is 

dominated by using Joule heating (Wiezlak and Zielinski, 1993; Bhat et al., 2006; 

Hao et al., 2012; Hamdani, Potluri and Fernando, 2013; Neruda and Vojtech, 2014; 
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Sahta et al., 2014; Yang, Wang and Li, 2017). Applying an electrical current to a 

conductive fabric results in heating up the fabric. The accessible temperature range 

for this technology has its minimum at room temperature and its maximum 

determined by the existent current at hand. Hence, only warm stimuli can be 

generated. While heating features can be useful in many application areas such as 

heated undergarments, gloves or jackets, including also the cold temperature range 

to stimulate can be beneficial in numerous application areas. Especially for the area 

of haptic feedback, considering that the skin holds up to thirty times more cold 

thermoreceptors than warm ones, which allows to note a cold stimulus much easier 

and quicker (Jones and Berris, 2002; Wilson et al., 2011). While potential 

implementation of Peltier elements for thermal applications have been studied, 

textiles and their behaviour as a thermal interface hasn’t been taken into 

consideration in this context (Benali-Khoudja et al., 2003; Westbroek et al., 2008; 

Wilson et al., 2011; Poikayil et al., 2017; Ueda and Ishii, 2017).  Using an external 

thermal device, such as a Peltier element offers the great advantage of being able 

to investigate the heat transfer within textiles during heating, as well as during 

cooling cycles.  

It was also found that the sensation of a stimulus can be maintained by decreasing 

the intensity in half but doubling the spatial area instead earlier, this principle is 

known as spatial summation (Stevens, 1991). Investigating the thermal spread of a 

textile, not only out-of-plane but also in-plane, can bring useful insights on the 

implementation options of textile interfaces in thermal applications. Anyhow, the 

limitations and thresholds of thermal perception for humans should be kept in mind 

for successful temperature implementation. It is noted that perceiving spatial acuity 

and clearly locating thermal stimuli is very challenging to distinguish and therefore 

shouldn’t be pursued if a reliable outcome is wanted (Jones and Berris, 2002). 

Environmental and ethical considerations 

As mentioned in the paragraph above, non-conductive materials have rarely been 

considered in the literature for thermal applications. The field of textile heating 

applications has been left predominantly to smart textiles such as conductive 

textiles or materials with phase change abilities. The issues with implementations 

as such is of an environmental and sustainable nature.  

The most common yarn used for heating applications are silver coated filaments. 

Conductive yarn based on silver has become a popular option for smart textile 

applications due to their excellent electrical and thermal properties. For this 

purpose, polyamide yarns are coated with silver nanoparticles generating a highly 

conductive surface that qualifies them for sensors, textile wiring or other flexible, 

electric applications. The issues of such coated yarns are that applied nanoparticles 

get released over time into the environment. This is mainly due to abrasion 

occurring during use or washing cycles (Hilty and Bakker, 2011). This not only 

decreases the lifetime of such product immensely but can also have consequences 

on the human health and the environment. The full impact of this has not been fully 
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investigated yet but represent an unnecessary risk and pollution to humans and the 

environment.  

Also, one should keep in mind that metals are non-renewable, limited resources. 

The ability to recycle smart textiles is fairly challenged by the composition and 

degree of integration of the technological parts into the textile (Mecheels et al. , 

2004; Tang and Stylios, 2006; Cho et al. , 2010). Smart textiles can consist of 

multiple components, often even of electrical parts. Not removing the electronic 

hardware will certainly disturb the recycling processes of the textile materials 

(Wäger et al. , 2010; Köhler et al. , 2011).  

Using an external thermal device could allow the adaptation of traditional materials 

in thermal applications which could facilitate recycling and repairs if needed. Also 

investigating wool and polyamide as base for the textile thermal pixel could offer a 

sustainable alternative to the use of silver coated yarn. 

Reviewing the point above, one should restrict the implementation of conductive 

materials to deliberate use. Acknowledging the challenges that come with the use 

of conductive textiles, it is necessary to critically question their right to exist for 

each application. The  implementation can only be justified if there is a clear benefit 

for the user compared to existent solutions. 

 RESEARCH OBJECTIVE 

Thermal properties have been examined thoroughly in the past, predominately 

within the context of thermal comfort (Postle, 1981; Jirsak, Gok and Ozipek, 1998; 

Berger and Sari, 2000; Karaca et al., 2012; Marolleau et al., 2017). To obtain 

insights on the heat transfer, textiles were investigated isolated, or subjected to the 

human body or equivalent conditions.  

The interest of this work concerns the implementation of a textile thermal pixel. 

The challenge lies in choosing a suitable textile interface for such an application 

since multiple parameters influencing the quality of the signal. The signal 

transmission is dependent not only on the thermal behaviour of the material itself, 

but is rather conditional upon the interaction between the textile interface and the 

thermal generator.  

For generating of a qualitative thermal signal, the following characteristics must be 

complied with. First, the signal must be distinguishable by making a thermal 

contrast relative to its spatial background, see fig 3 and 4. When a finger or other 

body part strikes the fabric the human should perceive that the temperature is 

distinct from the ambient and from the parts of the fabric that are not forming the 

very pixel. Otherwise no communication is possible. 
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Figure 3 Scheme of generalized function representing the ideal spatial contrast of a heating 

signal. TRT is ambient (room) temperature. Tmax is to be in the range [36 C, 46C]. If lower no 

contrast is detected. If higher pain occurs. 

 

Figures 3 shows the general ideal spatial contrast for a heating signal and figure 4 

for active cooling respectively. Amplitudes are Tmax-TRT and |Tmin-TRT| respectively. 

 

 

Figure 4 Scheme of generalized function representing the ideal spatial contrast of an active 

cooling signal. TRT is ambient (room) temperature. T min is to be in the range [8 C, 30C]. If 

higher no contrast is detected. If lower, pain occurs. 

 

A second requirement is that the pixel shows a temporal contrast. For a relevant 

time period the signal should rise in the case of heating and fall in case of active 

cooling and then stay at a certain temperature for a proper time period and then go 

back to the starting temperature, figure 5. When in contact with the skin the person 

then perceives a change, which is the basics for communication. 
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Figure 5 Scheme of generalized function representing the ideal temporal resolution of a 

heating (red) and an active cooling (blue) signal. TRT  is ambient (room) temperature. Tmax  is 

to be in the range [36 C, 46C]. If lower no contrast is detected. If higher pain occurs. T min 

is to be in the range [8 C, 30C]. If higher no contrast is detected. If lower, pain occurs. 

 

Any real signal is more complicated than the ideal ones in figure 3, 4 and 5. The 

actual spatial resolution describes the real thermal distribution along a predefined 

directional in-plane axis (further elaborated in Methods, figure14 and 15. 

The ideal theoretical thermal signal is defined by a spatial resolution in-plane 

without any thermal leakage outside the direct sphere of stimulation and 

corresponds to a pronounced generalized function. The height of the plateau should 

be coherent but not necessarily the identical with the temperature generated by the 

thermal source. For characteristics of the textile thermal pixels, it must be 

considered that all thresholds must be above the human detection limits as stated 

earlier in the problem description. This goes both for spatial and temporal 

backgrounds. In the former it is better to have the heating/active cooling confined 

to a certain size to compensate the poor spatial acuity ability of humans (Jones and 

Berris, 2002).  

The parameters in figure 5 are to be fitted to human perception capabilities, but this 

is not examined further in this work. Nevertheless, a rather sudden temperature 

change is probably favourable to meet real-time communication requirements. 

Examining the relations between PE and the interfaces below and above the textile 

is relevant to draw conclusions about the out-of-plane heat transfer. The textile must 

not interfere but preferably support the signal created. 

The spatial resolution was used to analyse the in-plane heat transfer and partly also 

the out-of-plane behaviour of the material. The in-plane heat transfer was evaluated 

based on the spatial resolution. The thermal contrast is described the spatial 

development of the lateral parts of the generalized function and expresses sharpness 
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or blurriness of the thermal signal. The thermal resolution was evaluated by 

comparing the integral to the steepness of the course of function in x- and y-

direction. The possibility that the heat transfer could be of an anisotropic nature has 

not been researched thoroughly enough in literature. Investigating the in-plane heat 

transfer in two dimensions could bring new findings to the field.  

Characteristics such as amplitude and duration determine the efficiency of the 

signal. The temporal resolution, Figure 5, gives insight on the thermal development 

over time of the thermal interfaces of the textile thermal pixel. 

To exploit the full range of thermal signals, both heating and active cooling are of 

interest for this implementation (Darian-Smith and Kenneth, 1977). Since most 

studies in this field focus on heating behaviour, this work can contribute to the 

research by studying both heating and active cooling behaviour. 

The goal of this heat transfer analysis is to determine the temporal and thermal 

resolution of a thermal signal and determine influential textile parameters for an 

ideal thermal pixel. Two knitted structures and three different materials will be 

evaluated for this purpose. 

 

 LIMITATIONS 

The study focuses exclusively on investigating the heat transfer via thermal pixels. 

Thermal pixels are defined within the context of this work as thermal feedback 

(both heating and cooling) providing systems consisting of a thermal device paired 

with a textile component. The thermal output is generated by an external heating 

device, such as a Peltier element. Other options to generate a thermal gradient in a 

textile, as Joule heating via conductive material or phase change materials, will not 

be taken into account. 

This work serves as an exploratory study. To gain first insights on the thermal 

behaviour of the thermal pixel system, different textile structures and materials 

were investigated. Anyhow, this is not a comparative study but could rather help to 

manifest the direction of future comparative studies and bigger scale scanning 

studies in this field.  

 

 RESEARCH QUESTIONS AND HYPOTHESIS 

The following hypotheses and research questions were formulated to guide this 

thesis work and pursue the purpose of this study. 

This thesis work introduces the novel concept of a thermal textile pixel. Since 

thermal textile pixels are complex systems, it is crucial to understand the operating 

mode of such a construction. It is not possible to limit the expected outcome of the 

research to one hypothesis since this paper examines several thermal characteristics 
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governed by different variables. Giving consideration to this complexity, three 

assumption of relationships have been developed to fulfil this task. 

Hypotheses:  

1. A qualitative thermal signal is generated by great thermal anisotropic 

behavior which increases with rising thermal conductivity of the fiber and 

its dense construction.  

2. The thermal transfer of a thermal textile pixel behaves analogue during 

heating and active cooling cycles.  

 

The follow research questions were formulated to explore those hypotheses. 

Research questions: 

• Spatial resolution: 

o How does material influence the thermal spread in-plane?  

o Is there a structural dependency in thermal spread between x- and y- 

axis in the fabric? 

o How is the signal amplitude influenced by the textile composition? 

The signal amplitude describes the temperature on the textile surface 

due to the heat transfer properties of the material. 

o Which parameter favour a notable thermal contrast in-plane? 

• Temporal resolution: 

o How do fabric parameters like thickness, structure and material 

influence the transmission of the amplitude and duration over time 

of the thermal signal? 

2. LITERATURE REVIEW 

This chapter will first give insight on the mechanisms of the heat transfer process 

of textile. The most important characteristics of thermal conductivity will be 

addressed, as well as the relation to fibrous materials and different textile structures. 

Further, the literature review will survey the textile factors that have been 

investigated so far in this context.  

 

  BACKGROUND 

Over the past decades numerous research studies have examined the thermal 

properties of textiles (Postle, 1981; Jirsak, Gok and Ozipek, 1998; Berger and Sari, 

2000; Karaca et al., 2012; Marolleau et al., 2017). Especially in the context of 

clothing comfort, thermal comfort and its influencing parameters have been most 

thoroughly investigated. Many factors such as composition of the textile, 

environmental influences and the microclimate between skin and textile play a 
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considerable role in this condition. The most crucial factors of thermal comfort, the 

heat and mass transfer parameters in textile materials, are displayed in figure 6. 

 

Figure 6 Schema of influencing factors of the heat (black) and mass (grey) transfer through 

clothing adapted from (Gidik, Bedek and Dupont, 2016). 

 

Both phenomena, heat and mass transfer, are governed by multiple properties of the 

textile material. Textiles are due to their porous structure to be looked upon as 

heterogeneous systems. Their complex structures and numerous influencing 

parameters make the comprehension of the phenomena of heat transfer significantly 

harder (Pan and Sun, 2006).  

In order to identify and analyse thermal behaviour of textiles, it is necessary to first 

apprehend the three dominating physical mechanisms of heat transfer.  

Heat is the result of molecular movement by adding energy to a material. Active 

cooling, on the other hand, does occurs due to the removal of energy, not by 

“applying extra cold”. This requires the possibility to transfer the energy to another 

location (Young et al., 2015).  

In order to make an assumption about the occurring heat transfer of an idealised 

material, three physical parameters need to be considered: Thermal conductivity 

within a material, convection occurring exclusively on the outer surface of a 

material and radiation (Pan and Sun, 2006), as illustrated in figure 6.  

 

Thermal conductivity 

Thermal conductivity occurs due to molecular movement and change of kinetic 

energy in a bulk material. Metals, on the other hand, use “free” electrons to conduct 

heat rapidly from heated to colder areas of the substance. This mechanism explains 

the good thermal conductivity properties of metals (Young et al., 2015). Thermal 

conductivity is determined by heat moving from a source of high temperature to a 

place of lower temperature due to a temperature gradient. The resulting heat transfer 
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proceeds until a state of equilibrium is reached. This can occur within a material or 

between two bodies in contact. Fourier’s law, equation (1), puts the thermal 

conductivity  [W/(m•K)], heat flux q [W/m2], the present temperature difference 

dT [K] and the unit thickness, dx [m] of the material in relation. (Pan and Sun, 

2006) 

  𝑞 = −𝜆
𝑑𝑇

𝑑𝑥
  (1) 

Thermal conductivity, also referred to as k or , is measured in watt per metre 

Kelvin [𝑊/𝑚 ∗ 𝐾)]. It is the reciprocal of thermal resistance R per unit thickness 

d, see equation (2) (Young et al., 2015). A small k is an indicator a good isolator, 

or poor conductor and a high one for a well performing conductor. 

 𝑅 =
𝑑

𝑘
  (2) 

Thermal resistance describes the ability of a material to withstand the heat transfer 

and is governed by the thickness d of the material. Increasing the thickness by a 

factor x would elevate the thermal resistance of the material by factor x. Many test 

methods, such as the sweating hot plate, tog test, are laid out to determine the heat 

resistance of a textile from which the thermal conductivity can be calculated from 

equation (2). 

 

Thermal convection 

Thermal convection describes the transference of energy by the movement of 

matter and occurs on the surface of a material. It is to distinguish between two kinds 

of convections, the free and forced one. The free kind happens because of 

differences of density in the matter, whereas the oppositional one is forced to 

movement by other energies. Convection is expressed by its heat transfer 

coefficient h [W/m2*K] resulting from the heat flux divided by the temperature 

difference of the material Ts and the matter TF, as seen in equation (3) (Weder, Rossi 

and Crespy, 2010). 

  𝑞 = ℎ(𝑇𝑆 − 𝑇𝐹) (3) 

 

Thermal radiation 

Compared to the previous introduced mechanisms, radiation is not in need of a 

physical matter for transporting energy but uses electromagnetic waves for this 

purpose. Thermal radiation can be explained with Stefan Boltzmann law (4) if a 

material with a temperature Ts and an emissivity ε𝑠 is entirely enclosed by a second 

area with a temperature Te. 

  𝑞 = ε𝑠σ(𝑇𝑠
4−𝑇4

𝑒) (4)  

The Stefan Boltzmann law is a physical law that specifies the thermal radiated 

power of an ideal black body as a function of its temperature with the Stefan-
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Boltzmann Constant σ = 5.67 × 10−8 W/m2 K4. A black body is defined as a subject 

that absorbs all radiation that reaches its surface. Black body gained their name by 

not reflecting any light and therefore appearing black. (Weder, Rossi and Crespy, 

2010). 

 

 HEAT TRANSFER IN TEXTILES 

Textiles are defined as heterogeneous and anisotropic systems consisting of a 

mixture of fibres and air (Pan and Sun, 2006). This constellation makes a clear 

determination of the heat transfer rather difficult since a textile’s complex 

microscopic and macroscopic structure, the interactions of different materials and 

numerous external conditions have an influence on its thermal behaviour. For an 

explicit analysis, all these components would need to be known at any time which 

was found to be close to impossible. Only few methods are available to asses these 

processes and require great expenses.  

Several studies have found that it is most effective to analyse the effective thermal 

transmission of textiles by simplifying the complex interactions of thermodynamic 

factors and focus on the thermal conductivity and its reciprocal, thermal resistivity 

(Satsumoto, Ishikawa and Takeuchi, 1997; Jirsak, Gok and Ozipek, 1998). Thermal 

conduction was found to be the most significant heat transfer mechanism for fibrous 

materials as it is always present when a temperature difference is existent. Thermal 

energy can travel via conduction along the fibre as well as through the axis of the 

fibre (Pan and Sun, 2006). Thermal radiation and convection on the other hand have 

a variable impact depending on the textile structure. Imagining a textile with rather 

little room for air movement between the fibres combined with a low temperature 

gradient. In that case, thermal radiation can be disregarded and thermal convection 

is non-existent due to the absorption by the porous structure of the fabric. On the 

other hand, an open structure like a very loosely knitted fabric is losing more heat 

primarily due to convection when exposed to an air flow. To be specific, it was 

found that especially textiles used as base layers are only influenced by conduction. 

Convection can only emerge if there is an air layer thicker than 8 mm (Spencer-

Smith, 1977). According to Woo, Shalev and Barker (1994), convection is entirely 

suppressed when the fibre volume fraction is higher than 9%, the same applying for 

radiation. Therefore, thermal conductivity is the significant parameter to 

approximate the thermal properties of the material best this way, experimentally as 

much as mathematically.  

Different textile properties and their degree of influence on heat exchange have 

been examined in numerous studies. The existing research can be classified in three 

categories based on their main focus of analysis. Firstly, on a microscopic level 

examining morphological characteristics of the material. Secondly, on a 

mesoscopic taking the yarn properties into consideration. And last, by investigating 
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the characteristics of fabrics on a macroscopic level. (Gidik, Bedek and Dupont, 

2016). 

 

2.2.1. MICROSCOPIC LEVEL- FIBRE DEPENDENCY 

The microscopic level describes correlations between heat transfer and factors such 

as fibre type, fineness and porosity; morphological properties of the examined fibre. 

Holcombe and Hoschke (1983) investigated the influence of fibre conductivity on 

the thermal conductivity. Wool cotton, polyester/ cellulosic blends, PVC and more 

fibres were made to several knitted structures and tested. It was stated that fibre 

conductivity is indeed significant but minor compared to the impact of textile 

thickness on the heat exchange. The fibre nevertheless can have an influence if the 

packing density is considerably high, contributing to the most significant factor. 

The greatest effect on thermal resistivity emerges from enclosed air in the porous 

system, resulting in the insulation of the fabric. Wool, for example, is known for its 

strong insulating properties due to air trapped between the fibres of the yarn(Baxter, 

1946). These findings concurred with a more recent study conducted by Salopek 

Čubrić et al. (2012). 

 

Table 1 Thermal conductivity of conventional textile fibres (at same density, 0.5g/cm3) 

adapted from Morton and Hearle (2008). *The value for silver was adapted from Dorf (1993).  

Material Thermal conductivity 

[W/(m*K)] 

Air 0.026 

Water 0.600 

Silver* 407 

Cotton 0.071 

Nylon 0.250 

Polypropylene 0.120 

Polyester 0.140 

Wool 0.054 

 

The thermal conductivity values of commonly used textile fibres are presented in 

table 1, next to the coefficient of air, water and the metal silver. The thermal 

conductivity value for silver was listed as rough reference for silver coated 

polymeric yarns. Even though silver coated yarns are widely studied and used in 
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the field of smart textiles, clear data about the thermal behaviour could not be 

discovered. Respective papers mainly studied electrical properties from which 

thermal behaviour was derived analysing data obtained by infrared thermography 

(Bosselman, 2007; Hamdani, Potluri and Fernando, 2013; Li, Liu and Li, 2017). 

Cross-sectional shapes of fibres, another microscopic aspects have been studied by 

Karaca et al. (2012). The paper determined the effect of the varying cross-sectional 

shapes of fibres on thermal properties. The authors state that hollow fibres have an 

increased thermal conductivity compared to solid ones. Trilobal fibres, on the other 

hand performed the lowest on conductivity due to the dense structure and porous 

structure in between the yarn. 

 

2.2.2. MESOSCOPIC LEVEL- YARN DEPENDENCY 

This section summarizes the research limited to yarn properties. The influence of 

different yarn properties such as yarn count, twist and processing method were 

determined by Özdil, Marmarali and Kretzschmar (2007), discussing thermal 

properties of textiles on a mesoscopic level. Based on the results, it was concluded 

that thermal resistance increases with an increase in yarn count and twist. An 

increased yarn twists results in a less dense fabric allowing the air to move and 

lower the thermal resistivity. 

 

2.2.3. MACROSCOPIC LEVEL- FABRIC DEPENDENCY 

Research showed that the character of a textile fabric had the most significant effect 

on heat transfer mechanisms. Fabric parameters such as thickness, mass per unit 

area, cover factor and porosity were found to have a notable impact on the thermal 

resistance of textile fabrics, applying to all fabric types such as woven, knitted or 

nonwovens. Material thickness was found to be the most significant factor 

according to numerous studies (Holcombe and Hoschke, 1983; Woo, Shalev and 

Barker, 1994; Onofrei, Rocha and Catarino, 2011; Salopek Čubrić et al., 2012; Van 

Amber et al., 2015). It was found that the thicker the fabric, the more resistant to 

heat transfer is the textile.  

Salopek Čubrić et al., (2012) stated that significant correlation between the thermal 

resistance of the knitted fabric and thickness, mass per unit area, linear modulus, 

cover factor and porosity. The authors noted that decreases in thickness and mass 

per unit area values lead to decreasing in thermal resistance knitted samples. This 

was argued with a higher portion of open space in the fabric, allowing the heat to 

pass more easily. Hence, also a high air permeability was connected to this 

observation. Yet, if a dense thick fabric shows an increased air permeability, the 

opposite trend is observed.  

Marolleau et al. (2017) found, as did Onofrei, Rocha and Catarino (2011) that 

thermal conductivity is affected by air permeability and high bulk density. An 
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increase in density of fibres leads to an increase in thermal conductivity. It is to say 

that the fabric structure and more specifically of fibre density, highly influence 

thermal conductivity. High air permeability was stated to be an indicator for porous 

textile structures causing a high thermal resistance. Highly porous structures favour 

the enclosure of non-moving air. According to Morton and Hearle (2008), air is 

rated highly insulating, often up to ten times higher than most textiles. The thermal 

conductivity is therefore significantly impeded by porous fabric structures. Bedek 

et al. (2011) emphasized the complexity of porosity as a parameter. It is influenced 

by structural parameters, such as pores and inter-thread channels. Hence dependent 

on the bulk density of the fabric. 

The thermal properties of nine different knitted structures of the same yarn were 

investigated by Onofrei, Rocha and Catarino (2011). It was found that structures 

with high fabric density are less air permeable but more thermal conductive than 

ones with a low one. Also, it was stated that fabrics of same density behaved similar 

in thermal conductivity. 

 

2.2.4. MACROSCOPIC LEVEL- IN-PLANE AND OUT-OF-

PLANE 

While heat transfer is predominantly discussed from an out-of-plane perspective, 

in-plane thermal spread was given attention to in few studies. 

Shen, Yokoyama and Sukigara (2017) modelled the heterogeneous heat transfer of 

woven textiles. The authors found that heat transfer occurred significantly faster 

along the longitudinal direction than along the transverse direction of the yarn, if 

an anisotropic thermal conductivity of the yarn was registered. A high anisotropic 

behaviour was observed for ultra-high-strength polyethylene and cotton. Wool also 

showed signs of anisotropy but much less pronounced.  

Felczak et al. (2015) conducted a study on a double layer of nonwoven to 

investigate the thermal conductivity in-plane and out-of-plane. The double layer 

consisted of a flax/polyester nonwoven of which the front started off as a singular 

layer and was heated by an embedded steel yarn. The authors stated that both lateral 

and perpendicular thermal conductivity were determined but the heat transfer 

occurring in perpendicular direction was barely present. 

Felczak's et al. (2015) study was limited to investigating the two-dimensional heat 

transfer in-plane and out-of-plane but it did not consider a possible planar 

anisotropy. Studies proved structural dependencies for many mechanical properties 

(Klevaityte and Masteikaite, 2008) Anisotropy has also been reported in electro-

conductive behaviour for several textile structures (Kazani et al., 2011; Liu et al., 

2016; Tokarska and Orpel, 2018). Considering the possibility of a directional 

dependency for thermal conductivity lies therefore within the realms of possibility.  
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3. MATERIAL AND METHOD 

The following chapter will give an overview of the selected materials and will 

explain the preparation procedure of the samples in detail, as well as the equipment 

at hand. At last, the test methods will be described and discussed. 

 MATERIAL 

Three different yarn types were used for the fabric samples: wool, polyamide and a 

highly conductive, silver plated polyamide yarn from Statex GmbH ®, also known 

and further referred to as Shieldex, its trade name. The three listed materials were 

chosen based on their varying thermal features.  

As presented above in table 1, Baxter (1946) classified wool as the most thermally 

insulating fibre. Polyamide, on the other hand, was found to have the best thermal 

conductivity performance compared to other traditional, non-electroconductive 

fibres. Metals are known for their outstanding thermal conductivity. Therefore, one 

conductive yarn was chosen to represent a highly thermal conductive option. Two 

types of conductive yarn were available for sample production, Shieldex and a 

stainless-steel multifilament. Shieldex was favoured over the full metal yarn due to 

its superior flexibility, thanks to the polyamide core. Studies showed that it allowed 

an improved knitting process and an enhanced fabric quality, best suitable for the 

desired purpose (Sahta et al., 2014).  

Since the thermal features of the chosen materials are scattered so widely, a great 

spectrum of distinguished behaviour was expected. Anyhow Shieldex was 

estimated to perform best due to its superior thermo-conductive characteristics 

compared to the traditional fibres.  

The yarn counts of the used yarns are listed in table 2.  

 

Table 2 Yarn count of used yarn types for experiments 

Material Yarn Count 

Shieldex  dtex 110/34/1 

Polyamide (PA) dtex 110/34/2 

Wool (WO) Nm 28/2 
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 METHOD 

3.2.1. PREPARATION OF FABRIC SAMPLES 

The samples were constructed using two different types of knitted structures, a plain 

knit interlock composition and a single-sided terry fabric. Each of the formations 

was knitted in three different yarn compositions. The two fabric structures were 

chosen due to their varying surface structure. The plain knit has a uniform, flat face, 

whereas the terry fabric is more voluminous and porous due to the present loop 

formations on the face, see figure 7.  

 

Figure 7 Scheme of both knitted sample fabrics , terry (left) and plain knit interlock (right) 

structure. Terry fabrics consist of a flat back and cross loops on the face side, while plain 

knit interlock has a uniform, flat face on both sides. 

 

The loops of the terry fabric can lead, dependent on the fineness and density of the 

yarn, to air entrapments in between the loops(Salopek Čubrić et al., 2012). The heat 

transfer through the material could be impeded as a result of an increase in enclosed 

air in the fabric structure, since air has an insulating effect. Therefore, it is of interest 

investigating whether some of the materials are more prone to cause this effect and 

examine if the transmission of a thermal stimuli will be affected by this feature 

significantly or not. Analysing the heat spread in the textiles, out of plane and in 

plane, will provide an insight on the influence of structure and material on the 

thermodynamic features of a textile.  

 

Textile structures 

Plain knit 

The plain knit constructions were made of one material each, (1) 100% Shieldex, 

(2) 100% polyamide and (3) 100% wool. The yarn ratio was selected accordingly 

to the yarn count in order to obtain a comparable fabric density within the same 

structure. All samples were made with equal stitch length 11,5.  

Terry fabric 

The terry fabrics consist of a mixture of 50% polyamide and 50% of either (4) 

Shieldex, (5) polyamide or (6) wool. The polyamide was chosen to serve as binding 
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thread because of its shrinkage when steamed. This results in a better type of terry 

fabric and creates a denser end result. This execution was selected since the 

conductive Statex yarn has rather poor elastic properties. Also create more 

comparable sample densities within the same knit structure, all terry fabric samples 

have the polyamide component as a constant. All samples were made with equal 

stitch length 11,5 on the back side and the loop was formed with 9,5 on the front 

and stitch length 8 in the back of the fabric.  

Sample construction 

Samples for tog test and air permeability test 

Samples of the dimensions 40 x 40 cm for each structure and material combination 

were manufactured for the thermal resistivity and air permeability tests. These 

samples were later cut in circular shapes according to the diameters mandated by 

the standards. For the tog test, it was a diameter of 330 mm and 120 mm for the air 

permeability test. 

Samples for heat transfer out-of-plane and in-plane test 

For the temporal and spatial resolution experiments were samples with a diameter 

of 330mm used to guarantee an even flat fabric during the experiments. 

 

3.2.2. MANUFACTURING EQUIPMENT 

All textiles investigated in this thesis work were manufactured at the Swedish 

School of Textiles on a flat knitting machine by Stoll, type CMS 330 TC multi 

gauge. The yarn tension was kept stable throughout the manufacturing procedure 

as well as a gauge of 12. The important machine and fabric parameter are listed in 

table 3. 

 

Table 3 Technical parameters of flat knitting machine for the used knitting structures 

Parameter Knitted structure Gauge 

 terry, plain knit 12 

Stitch length plain knit interlock  11,5- overall 

 terry 

 

11,5- back 

loop: 9,5- face; 8- back 
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3.2.3. CHARACTERISATION OF TEXTILE INTERFACE 

Weight 

The weight of the samples was determined by a balance scale with an accuracy of 

±0.01g. Five samples of each sample were weighed to guarantee validity from 

which the mean was determined. 

 

Microscope 

Images of the all samples were taken by a microscope, model SMZ1500 by Nikon. 

The knit structure was enlarged with a 2x resolution. The image gave insight on 

differences in porosity and potential air entrapments within the various knitted 

structures which can have an extensive impact on the heat transfer according to 

(Salopek Čubrić et al., 2012). 

Airflow resistivity 

The airflow resistivity of the samples was investigated since it is found that heat 

transfer is highly affected by the structure of the textile, density and the present air 

in the system (Woo, Shalev and Barker, 1994).  

Acoustic measurements qualify to offer insight about the air permeability of textiles 

since both, sound and airflow, recordings are based on the principle of capturing 

the average pressure level during a specific recording time. The experiment was 

conducted according to the IS0 standard 9053:1991 (ISO, 1991) by using Norsonic 

Nor140 precision sound analyser. The acoustic measurement device recorded the 

incoming frequency travelling through the sample during an exposure time of 

10sec. All samples were tested five times from each side of the textile. The flow 

resistivity is expressed in Pa s/m2. 

 

3.2.4. CHARACTERISATION OF HEAT TRANSFER– OUT-

OF-PLANE 

This chapter states the setup of the experiments that were conducted in order to 

characterise the out-of-plane thermal behaviour of the six textile compositions. The 

equipment used for the experiments during this study is specified, explained and 

put in context for each application. Considering the findings in the presented 

literature, structure, air entrapments and thickness have an extensive influence on 

heat moving through a porous structure (Salopek Čubrić et al., 2012). To gain 

insight on the behaviour of the samples images of the samples were taken to get an 

impression of the structure. The out-of-plane airflow resistivity was determined as 

well as the thermal conductivity and last the thermal resolution over time. 
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Thermal out-of-plane conductivity 

To obtain the thermal out-of-plane conductivity values, a series of data had to be 

collected. A tog test was conducted to acquire the thermal resistance data which 

was needed along with thickness measurements to calculate the thermal 

conductivity.  

 

Thermal resistance  

The tog test is a well-established test method to determine the thermal resistance, R 

[m2K/W] of a textile. This test method was named after its unit, tog. The tog is 

equivalent to 0,1*R [m2*K/W]. 

The measurements were gathered according to ISO 5085-1:1989, IDT(ISO, 2004). 

R was needed in order to obtain the thermal conductivity value by calculation for 

the investigated textiles. Each sample was tested once over a period of ±1,5 hours 

in a climate regulated chamber with a constant temperature of 20°C ± 2°C and a 

relative humidity of 65% until it reached its thermal equilibrium. Figure 8 shows 

the experimental set up in which in tog test was executed.  

 

 

Figure 8 tog thermal chamber at SWEREA IVF AB (RISE), Mölndal, Sweden.  

 

The tog test can either be conducted by the two-plate or single-plate method. The 

two-plate method, as illustrated in figure 9, was chosen as set-up since it simulates 

the state where materials are not fully exposed to ambient air during use. This 

applies for thermal textile pixel considering that they will act as an interface 

between skin and heating device. Furthermore, according to ISO (2004) the two-

plate method is ranked the most accurate and replicable one.  
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Figure 9 tog measurement set-up, two-plate method, adapted from (ISO, 2004). 

 

The sample was placed on the standard plate where 304 K of heat were induced 

from below. A top plate was placed with a pressure of 6,9 Pa on the sample. The 

standard plate had two thermal sensors incorporated and the top plate, one. The 

thermal resistance R was calculated by the gathered temperatures from the thermal 

sensors, T1 (Heater-Heated plate interface), T2 (Heated plate-sample interface) and 

T3 (sample- top plate interface) when thermal steady state was reached. The 

following equation 5 was used to obtain the thermal resistance R. 

  
𝑅+𝑅𝑐

𝑅𝑠
=

𝑇2−𝑇3

𝑇1−𝑇2
   (5) 

𝑅𝑐 represents the contact resistance at steady state, 𝑅𝑠 the thermal resistance of the 

standard plate and 𝑇1 − 𝑇3  the noted temperatures at thermal equilibrium. The 

thermal resistance then was used to obtain the tog value and further, the thermal 

conductivity.  

The tog test equipment was made accessible at the research organisation Swerea 

IVF AB in Mölndal. 

 

Thickness measurement 

In order to calculate the thermal conductivity correctly from the experimentally 

obtained thermal resistance value, it is required to measure the thickness, d of the 

samples under the same pressure conditions as they were exposed to during the tog 

test, 6,9 Pa (ISO, 2004). Neither SWEREA IVF nor The Swedish School of 

Textiles- University of Borås had the means to determine the thickness of a fabric 

under such low-pressure conditions. Therefore, a series of measurements were 

taken with different pressure values to compile a trend line analysis in order to 

predict the thicknesses for the wanted 6,9 Pa.  

A ‘Shirley’ thickness Gauge by Shirley Development Limited, Manchester was 

used to conduct the measurements according to ISO 5084:1996 (ISO, 1996). Four 

different weights were used, corresponding to an exposure of 1kPa, 100Pa, 40Pa 

and 20Pa. The weights were placed on a pressure foot with a surface area of 

100𝑐𝑚2 . It wasn’t feasible to decrease to pressure below 20Pa, 10g, without 
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compromising the reliability of the measurements. Each sample was measured five 

times with each of the four weights to enhance the validity. The equipment was 

made accessible at the research facility Swerea IVF AB in Mölndal.  

 

Thermal out-of-plane conductivity 

The investigated thermal resistance values, R from the tog test and the thickness 

measurements were used to calculate the thermal conductivity k of each sample by 

using equation 6. (ISO, 2004) 

 𝑘 =
𝑑(𝑚𝑚)∗10−3 

𝑅 (𝑚2∗
𝐾

𝑊
)

   , [𝑊/(𝑚 ∗ 𝐾)]  (6) 

By dividing the sample thickness by the thermal resistance, a normalization of the 

data is achieved making the values comparable between each other. 

This data was collected to support the results of the out-of-plane thermal resolution 

experiments.  

Out-of-plane temporal resolution- heating and active cooling 

The out-of-plane heat transfer was analysed by exposing the test samples to heat 

and coldness generated by an (4) insulated Peltier TEC module, also referred to 

here as PE, purchased at electrokit.com (2018). Important technical data of the 

element can be found in table 4.  

 

Table 4 technical data of Peltier element, obtained from electrokit.com 

Parameter 
 

Dimensions 
30mm x 30mm x 3.29mm 

Weight 
11.43 g 

Max. current 
1.5 A at 5V 

 

The module was provided with power by (9) a dual- tracking DC power supply, 

model TPS-4000 by Topward Electric Instruments CO., Ltd. In order to monitor 

the introduced current of the electric circuit, an (8) Agilent 34401S multimeter was 

connected in series between power supply and TEC. To monitor the present voltage 

at the TEC, a (7) voltmeter, model AM-500-EUR by Amprobe was connected in 

series between the TEC and the power supply. Since the TEC is connected to a 

50cm long cable, the voltmeter includes the voltage drop within this system.  
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Figure 10 The test setup for the out of plane heat transfer experiment consisted of (1) an 

elevated board for the sample placement, (2) the textile sample covered by a Styrofoam plate, 

(3) a heat sink, (4) a Peltier element as thermal source, (5) various thermocouples, (6) a data 

logger thermometer, (7) a voltmeter, (8) a multimeter and (9) a power source. 

 

The setup for the experiment is shown in figure 10. The module was placed on (3) 

a metal heat sink to guarantee a stable temperature generation and avoiding 

overheating. (1) An elevated board with a cut out in the centre for the temperature 

module was produced, so sample would lie flat on the mounted heat source. The 

temperature gradient was monitored by (5) three thermocouples, type K with a 

temperature range from -200°C to 1350°C.  

 

Figure 11 Sample setup for out-of-plane heat transfer measurement 

 

As sketched in figure 11, one was placed between the Peltier element, giving insight 

on the thermal development of the PE/textile interface. The second one was placed 

on top of the specimen, in the centre of the directly affected area by the below 

located PE, additionally a Styrofoam plate was placed on top of the setup to mimic 

the test conditions of the tog test and keep the thermocouple in place. The third 

thermocouple recorded the room temperature, also referred here to as RT. The 

collected data was recorded by (6) a three-channel data logging thermometer, model 

SD 200 by Extech Instruments.  

The mean data of the five test rounds were determined and plotted to generate time 

dependent thermal curves of both thermal interfaces. Two types of thermal cycles 

were executed and registered. The recording for the heating cycle started by 

exposing the PE to 300mA of current for 5 min before turning off the power supply 
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and letting the system cool down for another 5 min. The thermal development after 

the heat source was turned off, is referred to here as thermal dissipation.  

The active cooling cycles were generated by changing the polarity of the PE, 

leading to actively cooling the upper side which faced the textile, and heating the 

side facing the heat sink. 500mA were applied for 2,5 min causing a cold sensation. 

Following, the data logging continued for another 2,5 min to observe the system 

regenerate to its original thermal state. A shorter temporal interval in combination 

with a higher current was chosen to reach a higher thermal threshold in a shorter 

amount of time before the PE started to overheat. These adjustments were necessary 

since the pre-study showed that the heatsink was not sufficient to thermally balance 

the high amount of generated heat if a cooling effect was demanded over a longer 

period of time.  

The development of the introduced thermal input functioned as reference for the 

ideal result of thermal outcome for the textile/foam interface. The reference curve 

was determined from five measurements that were taken under the same conditions 

as the other tests were executed at. All samples were tested at a constant room 

temperature of 25°C. 

 

3.2.5. CHARACTERISATION OF HEAT TRANSFER– IN-

PLANE 

In-plane spatial resolution- heating and cooling cycle 

The in-plane heat transfer was investigated via infrared thermography. The same 

setup as for the out-of-plane temporal resolution was used, only addition was the 

infrared camera E4 by FLIR which was fixed at a distance of 25cm above the test 

setup. The infrared camera detects a temperature range of -20° to +250°C with an 

accuracy of ±2°C. This applies when ambient temperature is between 10°C to 35°C 

and the object temperature is above 0°C (Flir.de, 2018). The heat spread was 

recorded visually every minute over a period of 5min. The total setup for the 

experiment is shown in figure 12.  
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Figure 12 The test setup for the in-plane heat transfer experiments consisted of (1) an 

elevated board for the sample placement, (2) the textile sample, (3) a heat sink, (4) a Peltier 

element as thermal source, (5) various thermocouple, (6) a data logger thermometer, (7) a 

voltmeter, (8) a multimeter, (9) a power supply and (10) an IR camera 

 

The FLIR plus tool (Flir.de, 2018) provided by the IR camera manufacturer was 

used to analyse the taken IR images. Thermal measurements for each pixel of the 

image were made accessible by this analysis. As illustrated in figure 12, two sets of 

data points were chosen per image in a course and wale direction and referred to 

respectively as x- and y-direction. The placement of the chosen data sets is shown 

in figure 13. By defining two data lines in the caption it was possible to compare 

the thermal spread in course and wale direction of the textile samples. Each data set 

consisted of 140 pixels and their corresponding temperature measurements. The 

two sets were later plotted for further analysis of the spatial resolution. 

 

Figure 13 Scheme of IR image, theoretical heat spread was made visual by colour gradient 

and analysed in the FLIR plus tool. 

 

The spatial resolution describes the increase in thermal intensity in the observed 

area. A simplified graph of the spatial resolution was illustrated in figure 14. The 

degree of the thermal spread was evaluated by analysing the integral of the length 

unit dependent curve, excluding the direct sphere of action of the PE, marked in 

grey in figure 15. As a reference, the PE measures 30mm in x- and y- direction 

which correlates with 40pixels according to the FLIR analysis, the subintervals n1-

50 and n91-140 on each side of the direct sphere of action of the PE for thermal spread 

analysis. 
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Figure 14 Scheme of spatial resolution diagram for the x- / y-axis data sets gathered from 

the IR images. The orange areas mark the thermal  leakage 

 

Since the graphs of the spatial resolution consist of accumulated data points and no 

simple derivable function, a numerical method to approximate the area below the 

graph was used. This was done by applying the Trapezoidal Rule. The Trapezoidal 

Rule is a form of Riemann Sum (Gustafsson, 2011). Riemann Sum uses the sum of 

n-subintervals of rectangles to approximate a definite integral. The higher n, the 

more accurate the approximation. The trapezoidal rule is more accurate than right 

or left Riemann Sum by using trapezoids instead of rectangles for the 

approximation, see figure 15.  

 

Figure 15 Scheme of applied Trapezoidal Rule to calculate a definite integral for the 

evaluation of in-plane thermal spread adapted from Gustafsson (2011).  

 

The area A of a trapezoid is calculated using equation 7. Since equidistant data 

points T(n=1-140) were obtained from the IR image analysis ∆x equalled 1 unit length. 

Furthermore, it needed to be considered that only Bn, the integral above room 
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temperature TRT, was relevant for the determination of the heat spread, see figure 

15. This results in equation 8. 

  𝐵𝑛 =
(𝑇𝑛−𝑇𝑅𝑇)+(𝑇𝑛+1−𝑇𝑅𝑇) 

2
  (8) 

In order to determine the entire orange area in figure 15, the sum ∑ of all integrals 

in the intervals n1-50 and n91-140 was calculated.  

 

4. RESULTS 

The following chapter will show the results of this thesis work. First the 

characterization of the knitted structures will be presented. Followed by the data of 

the thermal analyses including presentation of the out-of-plane and in-plane 

performance of the test subjects. 

 

 CHARACTERISATION OF TEXTILE INTERFACE 

Microscopic analysis 

The images in figure 16 are displaying the structure of the terry and plain knit 

interlock fabric from both sides of the fabrics, taken by a microscope, model 

SMZ1500 by Nikon with 2x resolution. As seen in in the two images on the left, 

the WO plain knit construction appeared visually to be the most porous structure, 

this applied to the face and back side. The plain PA sample gave the impression to 

have a notable high density since free space was marginal visual. 

 

Figure 16 textile structures of plain knit interlock fabric (1st and 2nd from the left) and terry 

fabric (3rd and 4th from the left), front and back view and microscopic images of respective 

samples, 2x resolution 
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The same observations were made of the terry fabric, adding that there is as well a 

significant difference in loop appearance. The loops of the WO fabric were clear to 

distinguish, whereas the PA loops seems to have formed uniform accumulations of 

loops. The loop formation of the Shieldex fabric showed clear separation that even 

the backside was visible between the loops. 

 

Air flow resistivity 

The airflow resistivity as listed in table 5 is displayed with the means of each of the 

5 readings. All samples were tested from both sides to see if there is a difference 

noticeable. It is to say that there was no significant difference between the 

behaviour of the front and back face of one sample, see Appendix I. A valid 

comparison can be stated between both 100% PA containing structures. Both knit 

structures demonstrated a considerable high air flow resistivity. It was argued that 

the minor differences indicated no significant variations in the air flow resistivity 

for the terry compared to the plain nit structure. The plain Shieldex was noted very 

air permeable and the plain WO very air flow resistant. It was observed that the air 

flow resistivity values of the Shieldex/PA and WO/PA terry constructions behaved 

similar. 

 

 

 

 CHARACTERISATION OF THERMAL BEHAVIOUR – OUT-OF-

PLANE 

4.2.1. OUT-OF-PLANE THERMAL CONDUCTIVITY  

 

Thermal resistance, thickness and mass/unit area 

The thermal resistance values from the tog test are listed in table 5. For all samples, 

there was a distinct correlation between thermal resistance, sample thickness and 

air flow resistivity noticeable. The higher the thickness and mass/unit are and lower 

the air flow resistivity, the higher the thermal resistance. Therefore, samples 

containing Shieldex had the lowest thermal resistance, followed by PA. WO was 

found to have the by far the highest thermal resistance.  
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Table 5 textile parameters of examined samples 

Structure Material Mass per 

unit area, 

g/m2 

thickness 

(20Pa), mm 

Air flow resistivity 

(face) Pa s/m2 

Thermal 

resistance, 

m2K/W 

Plain Shieldex 239,83  1,56±0,07 49,82±1,62 0,015 

  PA 261,96 2,01±0,18 171,4±1,14 0,024 

  WO 524,05 3,41±0,13 79,24±2,67 0,104 

Terry Shieldex/PA 273,58 3,03±0,13 78,8±1,22 0,044 

  PA 354,22 3,02±0,08   165,4±0,89 0,035 

  WO/PA 441,52 4,47±0,03 71,34±1,39 0,119 

 

Thermal conductivity 

It was noted that the calculated thermal conductivity increased with approximation 

of the correct applied pressure value during the thickness measurements, figure 17. 

Also, the proportions remained the same between all samples but the pure PA 

samples which approximated each other increasingly. 

 

 

Figure 17 Change in thermal conductivity according to pressure variations during thickness 

measurements 
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4.2.2. TEMPORAL RESOLUTION DURING HEATING AND 

ACTIVE COOLING 

This section presents the data gathered during the temporal resolution experiments 

from which conclusions about the out-of-plane heat transfer will be discussed later 

on. 

The following figures display the thermal curves of the PE/textile interfaces, in 

blue, and the textile/foam interfaces, in orange, for the six specimens. The room 

temperature, RT, was tracked during all measurements and is displayed in dark 

grey. The light grey curve, referred to as PE, represents the ideal thermal outcome 

since it is the equivalent of thermal energy put into the system.  

All tested thermal pixel systems and both their investigated interfaces behaved 

during heating, active cooling and thermal dissipation phases in an exponential 

manner, concurring with the behaviour of the thermal development of the PE. 

Moreover, it was observed that the PE/textile interface was more influenced by the 

thermal exposure and remained during heating phases always above the 

textile/foam interface curve and below during active cooling cycles, also as 

expected. Moreover, it was noted that the thermal impulses reached the upper 

textile/foam interface of the thermal pixels with a temporal delay. It must be pointed 

out that these delays were quite significant for some samples. Furthermore, most 

specimens noted significant thermal deficits in intensity compared to the thermal 

impulse generated. Thermal differences of 2° to 6°C between the thermal output 

from the PE and the textile/ foam interface were registered during the active cooling 

cycle and up to 9°C during heating.  

It was found that some samples maintain the same correlation but reciprocal 00 

during heating and active cooling phases. Others exhibited more notable differences 

in their behaviour when exposed to heat or coldness. Anyhow, it must be pointed 

out that all samples performed significantly inferior during the active cooling than 

to the heating stimuli.  

 

Plain knit Shieldex sample 

Figure 18 is showing that the thermal graphs of both interface curves of the plain 

Shieldex sample raised simultaneously with a slowly increasing temporal delay. 

The PE/textile interface heated up in accordance to the PE until it unexpectedly 

started at t130 to display a higher temperature value than the PE. It continued to rise 

+1°C above the PE until the thermal source was turned off. The textile/foam 

interface, on the other hand, never reached the intensity of the given thermal 

impulse by -1°C to the PE. The thermal dissipation occurred in both interfaces 

identically with a temporal delay of 45 seconds.  
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Figure 18 recorded temporal resolution of plain Shieldex sample during a 5min heating and 

5 min of thermal dissipation phase 

 

The thermal behaviour during the active cooling phase reflected the trend observed 

at the heating cycle, as seen in figure 19. First, the PE/textile interface evolved 

thermally identically to the heat source but later on did not cool down entirely. The 

PE/textile interface remained +1°C above the generated cooling impulse, and the 

temperature above the textile interface lacked even -3°C compared to the thermal 

module. The temperature of both interfaces remained for 15 seconds after the 

impulse has already been stopped. This delay was maintained during the thermal 

dissipation of the thermal interfaces. The temperature of the PE/textile interface 

dissipated slightly faster for the textile/foam interface. 

 

Figure 19 recorded temporal resolution of plain Shieldex sample during a 2,5min active 

cooling and 2,5min of thermal dissipation phase 
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Plain knit WO sample 

The thermal curves of both plain WO interfaces during the heating cycle differed 

highly in temperature. Figure 20 is displaying that the temperature of the PE/textile 

interface increased rapidly above the value of the thermal source, insinuating highly 

insulating properties of the material. This would explain the notable slower increase 

in temperature of the textile/foam interface. Already after the first 30 seconds was 

a thermal difference of -2,5°C to the PE recorded which was maintained. After the 

heat source was turned off, it was recorded that the temperature of the textile/foam 

interface continued to increase slightly for another 15 sec. The PE and blue curves 

displayed fast thermal dissipation. The blue curve proceeded as the PE but with a 

temporal shift of 15-20 seconds, the orange curve lacked over 1 min behind the 

temperature of the thermal module.  

 

Figure 20 recorded temporal resolution of plain WO sample during a 5min heating and 5 

min of thermal dissipation phase 

 

Comparing the thermal development in figure 20 of the heating cycle to the cooling 

cycle diagrammed in figure 21, it can be said the relationships between the 

interfaces remained the same. The PE/textile interface was actively cooled, down 

to +1°C of the aimed temperature and the textile/foam interface down to 

approximately +3,5°C. The thermal interfaces maintained the temperature state 20 

seconds longer after the heat source was turned off. The PE/textile interface adapted 

notably fast to the thermal state of the PE while the textile/foam interface increased 

considerable slower in temperature. 
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Figure 21 recorded temporal resolution of plain WO sample during a 2,5min active cooling 

and 2,5 min of thermal dissipation phase 

 

Plain knit PA sample 

It was noted that both interfaces developed closely to the thermal input insinuating 

a considerable thermal transparency of the textile interface. As seen in figure 22, 

the thermal development of the PE/textile interface was predominantly analogue to 

the heating curve of the PE itself until the thermal input was turned off, differing 

on average by 0,15°C with a SD of 0,1. It was observed that the temperature 

development of textile/foam interface was congruent to the one of the PE but 

experienced a temporal shit of 10-15 seconds which increased at the thermal 

dissipation phase to approximately 20 seconds It can be seen, that both sample 

interfaces retained the heat slightly longer than the PE but didn’t differ in the form 

of decay.  

  

Figure 22 recorded thermal resolution of plain PA sample during a 5min heating and 5 min 

of thermal dissipation phase 
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Against expectation, results for the active cooling phase did not concur with the 

thermal transparency noted during the heating phase of the sample, as visualized in 

figure 23. The thermal development of the PE/textile interface corresponded with 

the trend noted during the heating cycle. After active cooling was shut down, the 

thermal state of the material was conserved for another 25 seconds. The thermal 

dissipation occurred corresponding to the PE rate but maintained the temporal 

delay. The textile/foam interface stayed around +6°C above the generated cooling 

impulse. Also, it was noted that the thermal dissipation occurred at a slower rate. 

  

Figure 23 recorded thermal resolution of plain PA sample during a 2,5min active cooling and 

2,5 min of thermal dissipating phase 

 

Terry PA sample 

As already noted for the plain knit PA sample, the PE/textile interface developed in 

an analogue manner to the PE element. But it was observed that the textile/foam 

interface did not behave equally. The temperature above the textile interface 

remained -C below the inputted signal. The thermal dissipation of the PE/textile 

interface was recorded to be 20 second delayed compared to the PE and the 

textile/foam interface lagged another 10sec behind, as seen in figure 24. 

Comparing both PA samples, it can be observed that the PE/textile interface of both 

knit structures transmitted the introduced heat during the heating process accurately 

with minor alternations to the heat source. Anyhow there are more significant 

differences when looking at the textile/foam interface. The plain construction 

behaves to a high degree transparent to the introduced temperature. Whereas the 

terry fabric seemed to impede the heat transfer to some degree. 
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Figure 24 recorded thermal resolution of terry PA sample during a 5min heating and 5 min 

of thermal dissipation phase 

 

The thermal development of the PE/textile interface corresponded, as shown in 

figure 25, with the trend noted during the heating cycle but lacking -1°C to reach 

the transmitted temperature. After the active cooling was shut down, the thermal 

state of the material was conserved for another 10 seconds. The thermal dissipation 

occurred corresponding to the PE rate but maintained the temporal delay. The 

textile/foam interface stayed approximately +8,5°C above the generated cooling 

impulse. Also, it was noted that the thermal dissipation occurred at a slower rate 

  

Figure 25 recorded thermal resolution of terry PA sample during a 2,5min active cooling and 

2,5 min of thermal dissipation phase 

 

Terry Shieldex/PA sample 

Looking at figure 26, it can be stated that both thermal interfaces developed 

identically, reflecting the transmitted temperature to a high degree. This behaviour 

can be a sign for a material with high out-of-plane thermal conductivity abilities. 
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The textile/foam interface hold the temperature up for 5 seconds after the heating 

cycle was turned off. Both curves of the sample cooled down in the same manner 

as the PE with a temporal delay of 25 seconds (blue) and 35seconds (orange) 

compared to the behaviour of the heating device.  

 

Figure 26 recorded thermal resolution of terry Shieldex/PA sample during a 5min heating 

and 5 min of thermal dissipation phase 

 

Against expectation, results for the active cooling phase did not concur with the 

thermal transparency noted during the heating phase of the sample, as visualized in 

figure 27. The PE/textile interface was actively cooled, down to +1°C of the aimed 

temperature and the textile/foam interface down to approximately +4°C. The 

thermal interfaces maintained the temperature state 15 seconds longer after the heat 

source was turned off. The PE/textile interface adapted notably fast to the thermal 

state of the PE but maintained the temporal delay during its thermal dissipation 

phase development. The textile/foam interface increased considerable slower in 

temperature.  
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Figure 27 recorded thermal resolution of terry Shieldex/PA sample during a 2,5min active 

cooling and 2,5 min of thermal dissipation phase 

 

Terry WO/PA sample 

The terry WO/PA showed the most extensive thermal differences between the 

observed interfaces. Based on figure 28, PE/textile interface accumulated a 

significant amount of heat, which resulted in an elevated temperature of 

approximately +3°C compared to the thermal input. Those insulating abilities 

would speak also for the temperature deficit of the textile/foam interface which was 

registered approximately -6°C below the delivered thermal impulse. Figure 28 is 

showing that both curves maintain to increase in temperature even when the PE 

curve started to decay in temperature. The thermal dissipation of the both interfaces 

was observed in a similar manner as the reference curve with a temporal shift of 40 

seconds.  

  

Figure 28 recorded thermal resolution of terry WO/PA sample during a 5min heating and 5 

min of thermal dissipation phase 
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It can be observed in figure 29 that the thermal behaviour of both studied interfaces 

have significant thermal differences compared to the transmitted thermal impulse. 

The PE/textile interface developed initially as the PE but remained at a thermal lack 

of approximately +4°C. A minor cooling effect was registered for the textile/foam 

interface with a thermal difference of approximately +11°C compared to the heat 

signal. The temperature dissipation occurred at considerable slow rate for the 

textile/foam interface which coincided with the trend during the active cool down. 

 

   

Figure 29 recorded thermal resolution of terry WO/PA sample during a 2,5min active cooling 

and 2,5 min of thermal dissipation phase 

 

 

 CHARACTERISATION OF THERMAL BEHAVIOUR – IN-PLANE 

4.3.1. IN-PLANE SPATIAL RESOLUTION 

This section presents the data obtained from the infrared thermography. Data was 

gathered each minute during heating cycles of 5 min, and during active cooling 

cycles at 1 and 2,5 min. Thermal images were taken in order to track the in-plane 

thermal spread and to make a statement about the thermal resolution created by the 

specimen. The plateau of the graph represented the out-of-plane heat transfer. The 

lateral parts represented the thermal resolution in directional dependency. 
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Figure 30 Spatial comparison of all x- axis of samples after 5 min of heating 

 

Figure 30 is showing all x- axis of the samples in comparison after 5 min.  The plain 

PA registered the highest signal temperature, followed by terry PA and terry 

Shieldex/PA. Both WO containing samples showed more isolating properties. 

Surprisingly, plain Shieldex registered the least heat transfer out-of-plane. 

The spatial resolution of the x-and y-axis were examined by means of analysing the 

thermal plots and the areas, where the transmitted thermal signal migrated to. Also, 

a directional comparison of the thermal spread in x- and y-axis was illustrated of 

the maximum time of heating/ active cooling. 

The spatial development of each sample was displayed for the x- axis, since both 

directions developed similarly in amplitude but differed in degree of expansion. 

That was illustrated by comparing both axis after 5 min/2,5 min of thermal 

penetration.  

It was observed that during heating all specimens showed a constant increase in 

thermal spread in-plane with partially some deflections over time. Reviewing the 

directional dependency of the in-plane thermal spread, it was noted that all samples 

illustrated distinct differences between the spatial increase in x- and y-direction but 

advanced proportional to each other. These differences were found both, during 

heating and active cooling cycles. 

The active cooling registered minor heat transfer in-plane for all samples and 

showed a strong asymmetrical tendency between the axis. Also, it was found that 

all samples displayed similarities, some more pronounced than others, to the 

generalized function representing the ideal thermal resolution during heating and 

active cooling, figure 31-53. 

Table 6 and 7 list the calculated integral values which indicated the existent thermal 

energy after 5 minutes on the right and left side of the influenced area of the PE in 
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x- and y-direction. It was noted that the while the integrals of the x-axis behaved 

moderately symmetrical on both sides of the PE. In contrast, the values for the y-

axis differed in some cases significantly, see table 6 and 7. Also, all samples 

registered a higher spatial increase in y-direction than in x-direction based on the 

integral and plot analysis. This was observed for heating and active cooling. 

 

Table 6 integral values of the in-plane heat transfer after 5 min of heating, right and left of 

the PE element and total value of both 

 

 

Table 7 integral values of the in-plane heat transfer after 5 min of heating, right and left of 

the PE element and total value of both 
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Plain Shieldex 

heating 

 

Figure 31 Spatial resolution during heating of plain Shieldex,  

left image: Spatial development over time of x-axis;  

right: comparison of spatial resolution of x- and y-axis 

 

Based on left figure 31, it was observed, that the heat transfer in- and out-of- plane 

increased steady over time with a quicker increase from minute 1 to minute 2, then 

increasing linearly. The plateau and lateral development increased proportionally, 

figure 32. 

The axial comparison showed that the thermal spread occurred proportional over 

time but was more increased in y- direction, right figure 32. Also, it was found that 

the increase in y-direction behaved asymmetric, see right figure 31 and table 6. 

 

 

Figure 32 Integrals of spatial resolution for plain Shieldex  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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active cooling 

 

Figure 33 Spatial resolution during active cooling of plain Shieldex, 

 left image: Spatial development over time of x-axis;  

right: comparison of spatial resolution of x- and y-axis 

 

No differences were noted in left figure 33 over time. Neither the in-plane, nor the 

out-of-plane heat transfer increased significantly.  

The axial comparison showed that the thermal spread was more increased in y- 

direction, right figure 34. Also, it was found that the increase in both directions 

behaved asymmetric, see right figure 34 and table 7. 

 

 

Figure 34 integrals of spatial resolution for plain Shieldex during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Plain knit PA sample 

heating 

 

Figure 35 Spatial resolution during heating of plain PA, left image: Spatial development over 

time of x-axis; right: comparison of spatial resolution of x- and y-axis 

Looking at left figure 35, It was noted, that the heat transfer in- and out-of- plane 

increased steady over time, increasing relatively linear. The plateau and lateral 

development increased proportionally, left figure 36. 

The axial comparison showed that the thermal spread occurred proportional over 

time but was noticeable more increased in y-direction, right figure 36. Also, here it 

was found that the increase in y-direction behaved asymmetric, see right figure 

35/36 and table 6. 

 

 

Figure 36 Integrals of spatial resolution for plain PA  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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active cooling  

 

Figure 37 Spatial resolution during active cooling of plain PA, left image: Spatial 

development over time of x-axis; right: comparison of spatial resolution of x- and y-axis 

No distinct differences were noted in left figure 37 over time. Not in-plane and a 

slight change for the out-of-plane heat transfer.  

The axial comparison showed that the thermal spread was more increased in y- 

direction, right figure 37. Also, it was found that the increase in both directions 

behaved asymmetric, see right figure 38 and table 7. 

 

Figure 38 integrals of spatial resolution for plain PA during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Plain knit WO sample 

heating 

 

Figure 39 Spatial resolution during heating of plain WO, left image: Spatial development 

over time of x-axis; right: comparison of spatial resolution of x- and y-axis 

It was noted, that the plateau, heat transfer out-of-plane increased less pronounced 

but steady over time, left figure 39. The lateral development behaved very linear, 

but, as illustrated in right figure 40, the increase in y- axis was much more rapid 

with an unexpected drop at 5min of heating. 

 

 

Figure 40 Integrals of spatial resolution for plain WO  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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active cooling 

 

Figure 41 Spatial resolution during active cooling of plain WO, left image: Spatial 

development over time of x-axis; left: comparison of spatial resolution of x- and y-axis 

 

As observed in left figure 41, the in-plane increased minor but an increase for the 

out-of-plane heat transfer was noted.  

The axial comparison showed that the thermal spread was again more increased in 

y- direction, right figure 42. Also, it was found that the increase in both directions 

behaved asymmetric, see right figure 41 and table 7. 

 

 

Figure 42 integrals of spatial resolution for plain WO during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Terry Shieldex/PA sample 

heating 

 

Figure 43 Spatial resolution during heating of terry Shieldex/PA, left image: Spatial 

development over time of x-axis; right: comparison of spatial resolution of x- and y-axis 

 

Based on left figure 43, it was observed, that the heat transfer in- and out-of- plane 

increased steady over time with a quicker increase from minute 1 to minute 2, then 

increasing linearly.  

The axial comparison showed that the thermal spread occurred proportional over 

time besides one outliner in y-axis but was more increased in y- direction, right 

figure 44, table 7.  

 

 

Figure 44 Integrals of spatial resolution for terry Shieldex/PA  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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active cooling  

 

Figure 45 Spatial resolution during active cooling of terry Shieldex/PA, right image: Spatial 

development over time of x-axis; left: comparison of spatial resolution of x- and y-axis 

 

As observed in left figure 45, no significant change occurred in-plane nor out-of-

plane over time.  

The axial comparison showed that the thermal spread was again more increased in 

y- direction, right figure 46. Also, it was found that the increase in y-direction 

behaved asymmetric, see right figure 45 and table 7. 

 

 

Figure 46 integrals of spatial resolution for terry Shieldex/PA during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Terry PA sample 

heating 

 

Figure 47 Spatial resolution during heating of terry PA, left image: Spatial development over 

time of x-axis; right: comparison of spatial resolution of x- and y-axis 

 

Looking at left figure 47, It was noted, that the heat transfer in- and out-of- plane 

increased steady over time, increasing relatively linear. The plateau and lateral 

development increased proportionally, figure 48. 

The axial comparison showed that the thermal spread increased in y-direction 

quicker, right figure 47. Also, here it was found that the increase in y-direction 

behaved notable asymmetric, see right figure 47 and table 6. 

 

 

Figure 48 Integrals of spatial resolution for terry PA  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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active cooling 

 

Figure 49 Spatial resolution during active cooling of terry PA, right image: Spatial 

development over time of x-axis; left: comparison of spatial resolution of x- and y-axis  

 

As observed in left figure 49, an increase in both, in-plane and out-of-plane was 

noted.  

The axial comparison showed that the thermal spread was more pronounced in y- 

direction, right figure 50. Also, it was found that the increase in both directions 

behaved asymmetric, see right figure 49 and table 7. 

 

Figure 50 integrals of spatial resolution for terry PA during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Terry WO/PA sample 

heating 

 

Figure 51 Spatial resolution during heating of terry WO/PA, right image: Spatial 

development over time of x-axis; left: comparison of spatial resolution of x- and y-axis 

 

It was noted, that the plateau, heat transfer out-of-plane increased sudden after 1 

min, and then stagnated slowly, left figure 51. The lateral development behaved 

very linear, but, as illustrated in right figure 52, the increase in y- axis was much 

more rapid with an unexpected drop at 5min of heating. 

 

 

Figure 52 Integrals of spatial resolution for terry WO/PA  

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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Active cooling 

 

Figure 53 Spatial resolution during active cooling of terry WO/PA, right image: Spatial 

development over time of x-axis; left: comparison of spatial resolution of x- and y-axis 

 

As observed in left figure 53, the in-plane increased minor but an increase for the 

out-of-plane heat transfer was noted.  

The axial comparison showed that the thermal spread was again more increased in 

y- direction, right figure 54. Also, it was found that the increase in y-directions 

behaved asymmetric, see right figure 53 and table 7. 

 

Figure 54 integrals of spatial resolution for terry WO/PA during active cooling 

left: integrals distribution of entire x- and y-axis over time;  

right: axial comparison of integral of thermal resolution, lateral parts of curve 
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5. DISCUSSION 

 CHARACTERISATION OF TEXTILE INTERFACE 

All results referred to here are listed in table 5 if not stated otherwise. 

Onofrei, Rocha and Catarino (2011) found that air permeability is highly affected 

by the textiles structure. Since the investigated structures consisted of the same 

interlock structure on one face, it is unlikely that this caused primarily the 

significant differences in performance. Furthermore, the authors stated that the air 

flow is dependent on fabric density and thickness.  

Plain Shieldex 

Plain Shieldex recorded a very low air flow resistivity. It can be explained by the 

low material thickness and mass/unit area causing a fabric structure with an 

increased portion of holes (Salopek Čubrić et al., 2012), This result was expected 

considering the comparably low yarn count of the silver coated yarn and the 

impression gained from the microscopic images, table 2 and figure 17.  

Plain PA & Terry PA 

Plain and terry PA were noted equally high resistant to air. Taking into account that 

the yarn count, table 2, was double the number of the plain Shieldex, it is to say that 

the slight increase in thickness of the plain PA compared to the plain Shieldex did 

not cause entirely the more than three times higher resistance value. A significant 

higher bulk density compared to the other samples would explain this behaviour, as 

well as for the terry PA (Onofrei, Rocha and Catarino, 2011; Marolleau et al., 

2017).  

Plain WO 

Plain WO registered a lower air resistivity value despite its high mass/unit area. It 

is argued that the high mass/unit area is based on the comparably high yarn count. 

Wool is also known for voluminous yarn structures that tend to enclose air between 

the fibres of the yarn (Holcombe and Hoschke, 1983) causing a high thickness and 

a less dense fabric. The high air permeability argues in this context for a very porous 

structure of the thick material(Bedek et al., 2011; Onofrei, Rocha and Catarino, 

2011).  

Terry Shieldex/PA 

Terry Shieldex/PA measured the same thickness as terry PA but showed a much 

lower mass/unit area. This was expected based on the material composition of this 

hybrid. The lower yarn count of Shieldex caused the decrease in mass/unit area and 

allowed an increased air permeability (Özdil, Marmarali and Kretzschmar, 2007). 

Which speaks for a less dense fabric at same thickness. 
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Terry WO/PA  

Terry WO/PA increased in mass/unit area and thickness compared to terry PA, 

respectively to differences in yarn count mixture. The sample was found more air 

permeable than both terry structures due to a highly porous structure. This is 

explained by the wool characteristics discussed before for plain WO (Holcombe 

and Hoschke, 1983; Bedek et al., 2011; Onofrei, Rocha and Catarino, 2011; 

Salopek Čubrić et al., 2012). 

The deduced findings from previous research were also confirmed by the 

observations made from the microscopic images, figure 16. 

All results were based on 5 measurements for each property, ensuring the validity 

and reliability of the findings. 

 

 CHARACTERISATION OF THERMAL BEHAVIOUR – OUT-OF-

PLANE 

This section discusses the results obtained from the tog test and temporal resolution 

analysis 

 

5.2.1. OUT-OF-PLANE THERMAL RESISTANCE  

The thermal resistance was obtained by conducting a tog test.  

The results are listed in table 5. For all samples, there was a distinct correlation 

between thermal resistance, sample thickness, mass/unit area and air flow resistivity 

noticeable. This was confirmed by previous studies on thermal resistance (Woo, 

Shalev and Barker, 1994; Salopek Čubrić et al., 2012; Marolleau et al., 2017). 

Plain Shieldex 

Plain Shieldex registered the lowest thermal resistance. As expected, considering 

that silver is known for its highly thermal conductivity (Dorf,1993; Young, 2015). 

Still, Salopek Čubrić et al. (2012) points out that fibre conductivity is indeed 

significant but secondary compared to the impact of fabric properties on the heat 

exchange. A low thickness, mass/unit area and air flow resistivity were registered 

which were defined as significant parameters for low thermal resistance (Holcombe 

and Hoschke, 1983; Woo, Shalev and Barker, 1994; Onofrei, Rocha and Catarino, 

2011; Salopek Čubrić et al., 2012; Van Amber et al., 2015). 

Plain PA & Terry PA 

Plain PA and terry PA showed both low thermal resistance values. Terry PA 

marginal higher than the plain knit. The low outcome is explicable by the character 

of the fabric. Marolleau et al. (2017) stated that dense fabrics impede the 

entrapment of air, consequently avoiding the isolation of the material. Additionally, 

it is argued that the considerably high fibre conductivity, for a non-conductive fibre, 
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contributed to result. It is argued that the difference in thermal resistance between 

the plain and terry knit were due to the differences in sample thickness. As thickness 

was found to be the most significant parameter for thermal resistance. (Holcombe 

and Hoschke, 1983; Woo, Shalev and Barker, 1994; Onofrei, Rocha and Catarino, 

2011; Salopek Čubrić et al., 2012; Van Amber et al., 2015). 

Plain WO 

WO was found to have by far the highest thermal resistance, as expected. The thick 

porous fabric and yarn structure was responsible for this behaviour. As discussed 

before, thickness it the main cause for high thermal resistance measurements (Woo, 

Shalev and Barker, 1994; Van Amber et al., 2015). In addition, Bedek et al. (2011) 

argued that highly porous structures favour the enclosure of non-moving air 

significantly. According to Morton and Hearle (2008), air is rated highly insulating, 

often up to ten times higher than most textiles. The thermal conductivity is therefore 

significantly impeded by porous fabric structures. The same phenomenon is 

responsible for the low thermal conductivity of the fibre itself (Baxter, 1946; 

Holcombe and Hoschke, 1983).  

Terry Shieldex/PA 

Showed a higher thermal resistance that the other non-WO containing samples. This 

behaviour was unexpected considering the metallic, highly conducted component 

in the hybrid. Still, consulting the literature, it is to argue that the higher air 

permeability of the Shieldex/PA fabric indicated a less dense which caused air 

entrapments (Onofrei, Rocha and Catarino, 2011). This example showed that the 

impact of fibre thermal conductivity is indeed minor compared to yarn count and 

fabric density (Holcombe and Hoschke, 1983).  

Terry WO/PA  

Terry WO/PA was found to record a higher thermal resistance than plain WO. This 

is explained due to the significant difference in thickness, trumping the change in 

density, yarn count and fibre conductivity composition (Holcombe and Hoschke, 

1983; Woo, Shalev and Barker, 1994; Onofrei, Rocha and Catarino, 2011; Salopek 

Čubrić et al., 2012; Van Amber et al., 2015). 

 

It needs to be taken into consideration that the thermal resistance values were 

exclusively obtained to characterise the textiles isolated. Due to monetary and 

temporary limitations, the tog test was conducted once, instead of three 

standardized times. Therefore, the reliability and validity could be challenged. 

Anyhow, it is argued that the data was still of value, since it was never the purpose 

to obtain an absolute number but rather gain insight on the thermal resistant 

tendencies of all samples toward each other. The findings were conclusive within 

the samples and were interpreted and confirmed by the literature. Therefore, the 

knowledge was used to argue and compare the heat transfer analysis within the 

system as a textile thermal pixel. 
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5.2.2. OUT-OF-PLANE THERMAL CONDUCTIVITY 

The thermal resistance values were normalized by factoring in the thickness 

variations of the samples. Since the means for conducting correct thickness 

measurement according to ISO 5085-1:2004 (ISO, 2004) weren’t given, four 

measurement rounds with different applied pressures were taken. A logarithmic 

trend line was from the 4 measurement points for each sample group to predict the 

required pressure dependent thickness measurement for 6,9Pa. The calculated 

values for 6,9Pa are listed in Appendix I, as well as all data of this process. This 

procedure was executed to determine whether the pressure discrepancies during the 

thickness measurements influenced the rate of the samples within each other.  

As plotted in figure 16, the thermal conductivity values increased in a linear manner 

with decreasing applied pressure during the thickness measurements. The relation 

between the sample values remained the same, as the reciprocal thermal resistance, 

with approximating 6,9Pa applied pressure. Only the assumed value for 6,9Pa 

altered the proportions. Therefore, the trend of the thermal conductivity values with 

decreasing pressure were analysed.  

The thermal conductivity values steady increased but remained in the same 

proportions to each other. It was noted that both pure PA structures approximated 

each other. It could be speculated that with a correct thickness measurement 

according to standard, 6,9Pa applied pressure, both PA samples would demonstrate 

identical thermal conductivity values. Which would indicate that no significant 

difference resulted from plain interlock and terry structure at comparable density 

(Salopek Čubrić et al., 2012) 

In order to make a valid statement about the structure dependency, more extensive 

experiments are necessary with an extensive, carefully manufactured set of 

comparable samples. 

 

5.2.3. TEMPORAL RESOLUTION - HEATING 

Against expectations, the most analogue temporal resolution according to the 

transmitted signal was noted for plain PA and terry Shieldex/PA during the heating 

phase, figure 18 and 26. Both thermal developments behaved almost identical, 

despite differences in material, thickness, density and structure. For all six samples 

were temporal delays recorded during the thermal dissipation, more distinctive 

noticeable for isolating materials. 

 

Plain PA 

The temporal resolution showed, figure 22, that the textile interface behaved 

predominantly transparent to heat. This can be based on the amplitude and duration 
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of the thermal signal. The low thermal resistance value of the plain PA not 

contradict this finding, table 5. The high outcome of the plain PA sample is 

explicable by the character of the flat plain knit fabric. Studies stated that fabrics 

with high bulk density impede the entrapment of air significantly, consequently 

avoiding the isolation of the material and encouraging heat transfer (Gidik, Bedek 

and Dupont, 2016; Marolleau et al., 2017). Additionally, it is argued that the 

considerably high fibre conductivity, for a non-conductive fibre, contributed to the 

result, the table 1 (Baxter, 1946).  

Terry Shieldex/PA 

In contrast, the terry Shieldex/PA did not behave according to its thermal resistance 

prognosis. It is assumed that the thermal resistant measurement is not valid due to 

the insufficient repetitions. The high thickness consisted of a dense interlock back 

and a formation on the face of the fabric consisting entirely of Shieldex. It can be 

argued that the high air permeability resulted from those open portions in the fabric 

caused due to the lower yarn count by the added Shieldex and the irregular terry 

composition, see figure 26. Air would move freely instead of being trapped, 

encouraging heat transfer (Salopek Čubrić et al., 2012). Taking into account that 

the loops consisted of a low yarn count with a significant high fibre conductivity 

this could explain the rapid heat transfer out-of-plane (Holcombe and Hoschke, 

1983). 

Terry PA 

As visualized in figure 24, measurements of the terry PA PE/textile interface 

showed also an analogue thermal development, as did plain PA and terry 

Shieldex/PA before. This result indicated transparency to heat by the material since 

no heat accumulation was registered. Plausible, considering that the back face of 

the sample was identical to structure of the plain PA. However, it was observed that 

the textile impeded the amplitude of the transmitted signal which caused a clear 

temporal delay and decrease of signal intensity compared to the plain structure. This 

can be explained by increase in thickness and the dense loop formation of the terry 

structure, isolating the textile surface due to air entrapments between the loops 

(Onofrei, Rocha and Catarino, 2011; Marolleau et al., 2017). It is argued that this 

behaviour was not observed for the terry Shieldex/PA due to the high thermal 

conductivity of the fibre (Baxter, 1946; Young et a., 2015), table 1, and the lower 

yarn count of the silver coated loops which did not encourage air entrapments, 

compared to PA. The microscopic images, figure 16 and the thermal resistant 

measurement supported this assumption. 

Plain WO & Terry WO/PA 

Elevated temperatures of the PE/textile interfaces were recorded compared to the 

transmitted signal for plain Shieldex, plain WO and terry WO/PA. Those results led 

to assume insulating properties of these samples. Both WO containing samples 

showed highly elevated temperatures below the textile and registered a 

considerably decreased thermal signal above it, see figure 20 and 28. Wool is 
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known for its dominant insulating properties, the thermal conductivity of the fibre 

was found to be lowest, according to Baxter (1946). This is explained due to trapped 

insulating air between the fibres. Moreover, it was found that porous materials with 

high thickness favour air entrapments within the textile structure causing a high 

resistance to heat transfer out-of-plane (Bedek et al., 2011; Marolleau et al., 2017). 

Plain WO as terry WO/PA concurred with the literature and behaved accordingly 

to the thermal resistance measurements. The elevated PE/textile measurements can 

be thereby plausible explained by the isolation and its resulting heat accumulation. 

Plain Shieldex 

More challenging is the interpretation of the plain silver sample. The sample 

consisted 100% of a silver coated polyamide yarn and was due to its metal 

component known for high heat conductive properties (Hao et al., 2012). The 

experimentally obtained thermal resistance value confirmed this assumption, table 

5. Contra wise to the measurements of the temporal resolution which registered an 

elevated temperature between PE and textile, figure 18. Furthermore, it was noted 

that the amplitude of the thermal signal did not reach its targeted intensity, as well 

as an increased temporal delay for both congruent dissipating interfaces. The 

thermal increase below the textile interface, as explained for WO by isolating 

properties, can’t be adapted plausibly here. One explanation for this phenomenon 

could be that the increased thermal recording below the textile occurred due to 

reflection of thermal radiation by the metallic knit, adding to the heat transfer of the 

heating element (Young et al., 2015). The thereby resulting heat accumulation is 

explained the mentioned thermal increase. It is argued that weakened transmitted 

signal above the textile occurred due to the known high thermal conductivity of 

silver (Dorf,1993) inducing a predominant in-plane thermal conduction over the 

out-of-plane one. Thus, thermal energy got removed from the system resulting in a 

decreased thermal signal. This interpretation concurs with the findings of the spatial 

resolution, figures 30, 31 and the study by Shen, Yokoyama and Sukigara (2017). 

The authors found that heat transfer occurred significantly faster along the 

longitudinal direction than along the transverse direction of the yarn, if an 

anisotropic thermal conductivity of the yarn was registered. 

 

5.2.4. TEMPORAL RESOLUTION - COOLING 

When it comes to active cooling, one must consider the thermal principles behind 

it. Cooling occurs when thermal energy is removed from a body, not added to it 

(Young et al., 2015). Heat transfer occurs always directional from high temperature 

to a lower one, in the attempt of obtaining thermal equilibrium. 

Analog to the heating it was expected to find a reciprocal thermal behaviour during 

active cooling. All measurements showed reciprocal curve trends, in which the PE 

curve reached the lowest temperature, followed be the PE/textile interface and the 

textile/foam interface.  
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A higher cooling gradient is limited by the technical properties of the PE and the 

test arrangement. Lower temperatures on one side entail a stronger heating on the 

other side of the thermal source which would lead without extensive preventive 

measures to overheating of the PE. Therefore, it is to say that the thermal signal 

transmission via active cooling is technically more challenging and harder to 

achieve for insulating materials. In contrast to the heating results figure 22 and 23, 

plain PA showed an isolating effect with impeding impact on the signal. The decline 

of thermal conductivity at lower temperatures is contemplable for this observation. 

This could confirm the behaviour of all samples but plain Shieldex.  

Also, the recorded temperature values were after the thermal dissipation higher than 

the initial room temperature. This thermal difference was much less pronounced in 

the heating resolution. This can be explained by the functionality of the PE. The 

backside of the element is heated while the textile facing side is cooled down 

(Lachish, 2014). A reheating of the cold side is experienced after turning off the 

current flow since both, the residual heat of the backside and the adaptation to the 

ambient temperate, add to the total temperature of the module. The thermal 

dissipation faces after the active cooling signal the dominance of the residual heat 

of the thermal element, hence the dissipation development corresponds after active 

cooling phase actually with an active heating phase. The effect could be decreased 

by adding more extensive ventilation, in addition to the metal heat sink. 

Plain WO & Terry WO/PA 

The heat accumulation phenomena, as noted for the isolating plain WO during 

heating, figure 20, does not exist in active cooling. As seen in figure 21, isolating 

properties became noticeable by significantly decreased out-of-plane thermal signal 

transmission. Even poorer was the outcome for terry WO/PA, figure 29, what could 

have been caused by a stronger isolation. In comparison shows this sample the 

lowest performance. 

Plain PA 

The cooling signal reached well the PE/textile interface of the plain PA, figure 23 

but was transmitted notable weakened to the textile/foam interface. The same 

behaviour was registered with some degradation explained by the increase in 

thickness, for terry PA, figure 25.  

Plain Shieldex & Terry Shieldex/PA 

The best result, see figure 19, was achieved by plain Shieldex with a generally 

analogue thermal development for all three measurement ranges. Marginal inferior 

was the thermal development of the terry Shieldex/PA, figure 27.  

It is argued that active cooling is noticeable more dependent on highly conductive 

material properties than on fabric properties. The strong ability to transfer thermal 

energy is for cooling assumed to be predominantly defined by the fibre conductivity 

(Morton and Hearle, 2008, Young et el., 2015) 
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All temporal resolution findings are reliable based on the test arrangement, and 

validity was ensured by repeating each measurement five times.  

 

 CHARACTERISATION OF THERMAL BEHAVIOUR – IN-PLANE  

The interest of this work concerns the implementation of a textile thermal pixel. 

Therefore, several experimental tests have been conducted to gain insight on the 

out-of-plane and in-plane heat transfer of different knitted fabrics. During all parts 

of the experiments a controlled current was applied to a PE to generate a thermal 

signal to which the samples were exposed to. The majority of the tests used 

thermocouples and infrared thermography to monitor the heat transfer. 

At all times, the effort was made to guarantee steady laboratory conditions. 

However, it is inevitable that minor temperature variations are caused by changes 

of the deviations of the laboratory heat load. Considering this fact, temperature 

measurements were subjected to a certain degree of variations which were unable 

to be eliminated entirely. Some factors affecting the measurement of temperature 

are discussed below.  

Since, according to Corwin and Rodenburghii (1996) the amount of radiation of a 

heat source mainly depends on four factors. Out of these four factors, emissivity of 

an object is relatively difficult to control. Using an infrared camera, an emissivity 

value was predetermined for the calibration of the sensor to account for the surface 

that is being measured. The surface of the samples differed in material and yarn 

count, resulting in variances in darkness, density and surface texture of the textiles. 

Although to account for this, an emissivity value of 0.95 was used, any non-

uniformity of the surface could result in the deviation of results from accurate 

figures. The measurement of temperature using infrared thermometer is affected by 

the type of surface being examined. A flat surface does not radiate thermal energy 

equally in all directions. A concave surface will tend to concentrate more thermal 

energy into the scanned area. Similarly, a convex surface will disperse the thermal 

energy which will have an adverse effect on the results. 

 

5.3.1. IN-PLANE SPATIAL RESOLUTION- HEATING 

Finding a definite measure for the evaluation of the spatial increase over time turned 

out to be challenging. The integral of the lateral parts of the curve served for the 

assessment of the thermal increase. It needs to be considered that the integral does 

not give information about the spatial distribution of the thermal energy, the thermal 

resolution. A high, sharp thermal resolution indicates a low thermal conductivity 

and a low, blurry one a high conductivity. As illustrated in figure 55, even with 

equal integral values, the thermal resolution does not have to be identical. E.g., the 

lateral curve development A, shows a clear increased spatial distribution resulting 

in a blurry, low thermal resolution of the thermal signal. Curve B, on the other hand, 
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shows that the heat transfer in-plane accumulated the heat closely to the thermal 

element resulting in a higher, sharper thermal resolution. Therefore, the curve shape 

must be taken into account since it influences the evaluation of the thermal 

resolution and the in-plane thermal conductivity significantly.  

 

Figure 55 Scheme of two different lateral curve developments but same integral values. A, 

showing a low thermal resolution and B high one. 

 

For the evaluation of the thermal conductivity in-plane, a comparison of the lateral 

curve developments of all samples after 5 min of heating was used, figure 30. 

 

Plain Shieldex & Terry Shieldex/PA 

Figure 30 showed clearly that both Shieldex containing samples, despite differences 

in density, structural and material composition, showed a notable heat transfer in-

plane. This became noticeable by the widened curve development of the signal. 

That type of spatial resolution speaks for a high thermal conductivity in-plane. For 

the plain Shieldex was the thermal resolution of the transmitted signal is not very 

pronounced, since neither the plateau of the curve was very pronounced, nor the 

decline of the lateral parts. It is argued that this was caused by the anisotropic 

thermal conductivity of the Shieldex yarn. Literature stated that heat transfer occurs 

significantly faster along the longitudinal direction than along the transverse 

direction of the yarn, if an anisotropic thermal conductivity of the yarn was 

registered (Shen, Yokoyama and Sukigara, 2017). The decreased out-of-plane heat 

transfer in combination with the increased spatial spread supports this 

interpretation. As seen in figure 43 and 30, the terry Shieldex/PA recorded a similar 

spatial resolution but reached an elevated plateau temperature as did the plain PA. 

This was conclusive with results obtained from the temporal resolution, indicating 

a higher thermal conductivity out-of-plane for terry Shieldex/PA but still a 

pronounced thermal conductivity in-plane. 

Plain PA 

In contrast to the previous observation, plain PA displayed a sharp thermal 

resolution, figure 35 and 30. The very high integral value, table 6, resulted from the 
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broadening of the plateau at high temperature values but no significant thermal 

spread was registered. This shows again, that nearly identical integral values can be 

representative for very differing thermal conductivities in-plane, figure 55. Based 

on the results it is argued the plain PA illustrated a low thermal conductivity in 

plane but a significant stronger thermal conductivity out-of-plane (Onofrei, Rocha 

and Catarino, 2011; Shen, Yokoyama and Sukigara, 2017) . Even though the lateral 

fibre conductivity was high (Morton and Hearle, 2008), the parameters of the fabric 

dominated the out-of-plane thermal conductivity (Onofrei, Rocha and Catarino, 

2011; Marolleau et al., 2017). Still, an anisotropic behaviour is noted. 

Terry PA 

Terry PA behaved for in-plane heat transfer identical to plain PA. A difference was 

noted for the out-of-plane conductivity behaviour, due to the depressed plateau of 

the signal., figure 30. This is coherent with the findings from the temporal 

resolution and the thermal resistivity measurement. The higher thermal resistance 

out-of-plane is explained by the higher thickness of the terry sample. Therefore, it 

can be concluded the thermal conductivity in- and out-of- plane is not is not 

influenced by textile structure but thickness differences., for samples of same 

density and material (Salopek Čubrić et al., 2012). Therefore, the same 

interpretation works for terry PA.  

Plain WO & Terry WO/PA 

The lateral curve development of the plain WO, figure 30, developed steeper than 

the plain PA but with a notable reduced plateau, coherent with the lowest integral, 

table 6, of all samples. Heat transfer in-plane, well as out-of-plane was impeded by 

the textile, stating to a low thermal conductivity in-plane and out-of-plane. This was 

also found by Shen, Yokoyama and Sukigara (2017). It was stated that wool showed 

a low anisotropy in fibre conductivity. Indicating that more heat transfer occurred 

in transversal than in longitudinal direction of the fibre. The heat transfer out-of-

plane was impeded by the porous nature of the WO and the fabric parameter 

influenced by it (Onofrei, Rocha and Catarino, 2011; Marolleau et al., 2017). The 

same was measured for the terry WO/PA which showed an analogue development 

to the plain WO with marginal better performance due to the PA.  

Anisotropy in-plane  

Assuming that the signal generation of the PE should be uniform throughout it, one 

expects also a symmetrical increase in thermal spread in the textile. Evaluating the 

thermal development in-plane, it was noted that the heated/cooled area around the 

PE increased for all samples in x-, as well as in y-direction, see spatial increase 

figures 31-53. It was noted that the thermal spread for all tested specimens was 

more pronounced in y-direction compared to the spread in x-direction. Anisotropy 

is a known phenomenon of fibrous material. Assuming that in-plane thermal 

conductivity behaves indeed in an anisotropic manner does seem within the realms 

of possibility. Many studies have shown that textiles tend to behave in an 

anisotropic way for many mechanical, electrostatic and electro conductive 
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properties (Klevaityte and Masteikaite, 2008; Kazani et al., 2011; Felczak et al., 

2015; Shen, Yokoyama and Sukigara, 2017; Tokarska and Orpel, 2018). The 

anisotropy in heat transfer has been investigated in- and out-of-plane has been 

studied (Felczak et al., 2015; Shen, Yokoyama and Sukigara, 2017). It was found 

that heat transfer occurred significantly faster along the longitudinal direction than 

along the transverse direction of the yarn, if an anisotropic thermal conductivity of 

the yarn was registered. Anyhow, considering that the more pronounced thermal 

spread occurred always in wale direction of the knit, so in transverse direction of 

the yarn, fibre anisotropy seems improbable. Reasons caused by the test 

arrangement were considered. 

 

 

Figure 56 Infrared image of anisotropic thermal spread on plain PA during heating, captured 

by FLIR E4 camera 

 

The calculated integrals, as well as the spatial resolution of the y-axis showed 

significant asymmetries of thermal spread within the y-axis, this was also seen in 

figure 54. One explanation could be that the surface area of the thermal sensor 

reinforced the thermal intensity locally, since the thermocouples were placed and 

oriented in y-direction. To fully confirm these findings and get a definitive, valid 

assessment on the structural dependency of in-plane thermal conductivity more 

experiments are recommended.  

 

5.3.2. IN-PLANE SPATIAL RESOLUTION- COOLING 

The minor changes in in-plane and out-of-plane can be argued with the technical 

limitations of the PE. Due to insufficient ventilation, an increase in temperature can 

be noted already after the first 1,30 minutes of the active cooling phase, see active 

cooling temporal resolution.  Therefore, it was no surprise, that no major changes 

were noticed evaluating the thermal spread in-plane. Also, due to the character of 

the element only a shortened measurement period could be executed.   
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All samples showed a similar behaviour. The constricted plateau and minor thermal 

spread can be explained by the principle of cooling. The surrounding temperature 

constantly feeds heat to obtain thermal equilibrium into the system, hence, 

impeding the thermal spread (Young et al., 2015). 

All spatial resolution experiments are reliable based on the test arrangement, and 

the validity was ensured by repeating each measurement five times. Nevertheless, 

in order to make to draw specific conclusions with greater certainty on the active 

cooling, it is crucial to improve the reliability of the thermal source for a steady 

input. Also, it is necessary to observe parameter impacts per groups using carefully 

designed and manufactured samples.  

 

 ETHICAL AND ENVIRONMENTAL CONSIDERATIONS 

The findings of this work have shown that conductive yarns are not necessarily 

required for transmitting a pronounced heating signal. Plain PA was found most 

suitable for generating active heating signals. This cannot be stated for active 

cooling applications though, due to a clear decrease of signal transmission. If both, 

active cooling and heating is required, incorporating conductive yarn is 

unavoidable.  

Based on these findings,  it could be said that  PA could be a more environmentally 

friendly option than metal coated yarns with the limitation to active heating only. 

Still, when debating sustainability, it is questionable if the concept of thermal textile 

pixel itself is critical from an environmental perspective. Even if the relinquishment 

of conductive textiles were feasible, an additional electrical component is needed 

in every scenario to achieve active cooling or heating. The incorporation of an 

electrical component to the textiles qualifies the thermal textile pixel as a smart 

textile. According to the European directive for Waste Electrical and Electronic 

Equipment (WEEE Directive, 2003), manufacturers are enforced to re- collect 

electrical and electronic equipment for disassembly. However, this directive does 

not explicitly address smart textiles (Velden, Kuusk and Köhler, 2015). The Peltier 

elements consist of multiple semiconductors and insulating ceramic plaques. 

Semiconductors such as bismuth telluride, lead telluride, silicon germanium, and 

bismuth-antimony alloys challenge common recycling processing and are when 

exposed to humans a hazards to the health of the individual (Velden, Kuusk and 

Köhler, 2015; Nesarajah and Frey, 2016; Sese et al., 2017; Ueda and Ishii, 2017). 

Furthermore, an additional environmental concern for most haptic stimuli is the 

need of a fair amount of energy, regardless of whether the stimuli is of a thermal or 

vibrational nature. 

So one must raise the question whether the end justifies the means. Is the benefit 

for the user so mayor that the environmental impact and cost are acceptable?  

The scope of this work does not allow a qualified assessment of this issue. Further 
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development and research on the behavior of the thermal textile pixel as well as the 

human thermal perception would be needed to evaluate this matter. 

Since human thermal perception is very subjective, it needs to be determined 

whether a stimuli can be generated to be so pronounced that it can be detected by a 

wide range of subjects without reaching the critical thermal thresholds. Before 

testing the implementation with humans, the thermal textile pixel needs be work 

risk free, anything else would be unethical . This should be achieved by constant 

monitoring of the thermal and electrical data. These safety safety features during 

testing and final application are crucial and need to be ensured at any time. 
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6. CONCLUSION 

This paper presented the results of an exploratory heat transfer study carried out on 

different knitted structures made of conductive silver, polyamide and wool yarn. 

The research aimed at giving a tendency for the most suitable textile 

implementation concerning the knitted structure and the yarn type for generating 

thermal feedback and from this thermal communication. A successful 

implementation could enrich the life of people suffering from deaf-blindness.  

It needs to be taken into consideration that not all parameters can be considered at 

all times. The aim of this analysis was to make a first determination about which 

parameters favor good thermal textile pixel performances, anything more would 

have exceeded the possibilities of this work.  

The characteristics of an ideal thermal signal were defined by amplitude, duration 

and thermal resolution. The most ideal heat signal was transmitted via plain PA. 

The sample was found to have considerable thermal conductivity out-of-plane. The 

transmission of the thermal signal was executed with marginal temporal delay and 

to its full extent, see figure 21. Also, the thermal dissipation occurred shortly 

delayed. The thermal contrast was pronounced, with minor thermal spread in-plane, 

figure 34. However, a deterioration of performance was clearly noted during active 

cooling resulting in a significantly decreased amplitude of the signal. Hence, Plain 

PA was found most suitable for heating signals, not for active cooling applications. 

If a thermal signal transfer is wanted via heating and active cooling, one must limit 

oneself to Plain Shieldex or Terry Shieldex/PA. Plain Shieldex did transmit the 

thermal signal with short delay and decline in temperature but maintained an 

acceptable performance during active cooling, figure 17. The notable thermal 

conductivity in-plane may interfere with the thermal resolution of the signal. But 

considering the human threshold of thermal perception, these values might still be 

within reason for a qualitative signal. Terry Shieldex/PA behaved during heating 

similar to plain PA with increased thermal spread in-plane and during active cooling 

with minor deviation according to plain Shieldex.  

Samples containing WO are not suitable for this type of implementation due to their 

high insulating properties. 

It was concluded that the ideal thermal signal is achieved by the following textile 

parameters. The out-of-plane thermal conductivity should be preferably high, while 

the in-plane thermal conductivity should be minor. The main factor impeding out-

of-plane heat transfer was found to be thickness. Therefore, the fabric should be 

characterised by low thickness, low mass density but high bulk density. Also, a high 

fibre conductivity supports the desired outcome. 

It was observed that aside from cooling applications, conductive yarns did not proof 

to be more suitable for heat transfer implementations than conventional ones. Also, 

the usage of an external thermal device allows the implementation of non-

conductive materials, while often in thermal applications the usage of smart textiles 
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is unavoidable. The issue of smart textiles lies in the complex manufacturing and 

the high environmental impact resulting from them. A lot of resources are needed 

for the production to create a product with a considerable short lifetime compared 

to normal textiles due to washing and physical stress. Also, metals are considered 

as non-renewable, limited resources. The implementation of conductive materials 

should be restricted to deliberate use. Using PA with the limitation to the thermal 

signals to heating only could be a sustainable alternative which could facilitate 

recycling and repairs if needed. 

Closing, it was found that the hypothesis 1 was partly confirmed and 2 was denied. 

Regarding hypothesis 1, it was found that the thermal transmission occurred indeed 

more pronounced for thermal textile pixel based on fibrous material with a high 

thermal conductivity. This applied for the Shieldex specimen, but also for the 

specimens that were based on PA. PA does have a high thermal conductivity 

compared to other non-conductive/metal fibres but not nearly as high as silver 

coated yarns. Hypothesis 2 assumed that the intensity and quality of thermal 

transfer did not differ between active heating and active cooling cycles. This was 

not found correctly, since active cooling requires a greater degree of energy to 

generate a thermal signal.  

7. FURTHER RESEARCH 

To gain further insight on the topic of heat transfer for thermal feedback 

implementations, it could be beneficial to investigate a broader range of materials 

and fabric structures. Crucial would be to emphasize the implementation of equal 

yarn count to guarantee the comparability for the results. Especially the 

investigation of non-conductive material should be pursued. Nevertheless, the 

unexpected performance of Shieldex should be examined more in detail to 

strengthen the findings of the heating and active cooling results.  

Additionally, the significant decline in performance noted during active cooling for 

all samples was not sufficiently explainable. In order to draw specific conclusions 

with greater certainty on the active cooling behaviour of textiles, further research is 

strongly recommended. Also, it should be emphasized for future research to 

improve the ventilation system or even create a built-in textile heat sink of the 

thermal source to ensure the reliability of the experimental setup. 

The observed anisotropic behaviour in-plane was noted for all results. Anyhow, it 

was not definitely concluded where this behaviour originates from. Further 

experimental test should be conducted for clarification. Also, a theoretical work 

based on Finite Element Simulation could offer extensive insights on this matter.  
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Appendix 

1. Textile Characterisation 

Airflow resistivity means in Pa s/m2 for both sides of each sample with respective standard 

deviation and ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Structure Material Tested face Flow Resistivity 

[Pa s/m2] 

SD 

Plain Shieldex face 49,82 1,62 

    back 46,56 0,59 

  PA face 171,4 1,14 

    back 172,8 0,84 

  WO face 79,24 2,67 

    back 75,4 1,53 

Terry Shieldex face 78,8 1,22 

    back 74,78 1,13 

  PA face 165,4 0,89 

    back 173,8 1,30 

  WO face 71,34 1,39 

    back 74 0,61 
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2. Heat transfer characterisation – out-of-plane 

Trend line analyses based on the thickness measurements obtained under 100, 40 and 20Pa 

in order to calculate a thickness value for a pressure of 6,9Pa 

 

Sample Trend line function R² 
calculated thickness, 

x = 6,9Pa 

Plain Shieldex y = -0,117ln(x) + 1,9321 0,97 1,706 

 PA y = -0,13ln(x) + 2,358 0,98 2,107 

 WO y = -0,377ln(x) + 4,6105 0,95 3,882 

Terry Shieldex/ PA y = -0,17ln(x) + 3,493 0,99 3,165 

  PA y = -0,234ln(x) + 3,8019 0,95 3,35 

  WO/PA y = -0,365ln(x) + 5,569 0,99 4,864 
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Pressure dependent thickness measurements and belonging trend lines. Red highlighted dots 

represent calculated values for 6,9Pa resulting from the trend line functions. 
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