
  

ABSTRACT 

CHATTERJEE, KONY. Design and Evaluation of a Thermoelectric Heating/Cooling Fabric for 
On-Body Thermal Comfort (Under the direction of Dr. Tushar K. Ghosh). 
 
The need for space cooling and heating – attributed to the increasing population and built 

environments, especially in warmer parts of the world – is expected to exact a tremendous toll on 

the environment.1 Space cooling currently accounts for almost 20% of the total electricity used in 

buildings globally, and is the fastest-growing use of energy in buildings with the use nearly tripling 

between 1990 and 2016.2 While in the US the recommended setpoint for indoor thermal regulation 

devices is between 21.5 – 24 ºC (71 – 75 ºF), an expansion of this setpoint range by even 1 ºC can 

result in energy savings between 7 – 15%.3 Additionally, depending on a variety of genetic and 

physiological factors, different people feel thermally comfortable at different temperature and 

hence a universal setpoint could be rendered meaningless.4–6 In such a scenario, textiles present an 

accessible platform for the deployment of wearable heating/cooling modules for next-to-skin 

thermal comfort. Integration of thermal management into textiles can be achieved in two manners: 

(i) by incorporating materials or surfaces that can provide passive heating or cooling effects 

without the need for an external power source i.e. via phase change materials, moisture wicking 

textiles, thermally insulating fibers, and radiative cooling fabrics, and (ii) by using an external 

power source to provide active heating and cooling i.e. via Joule heating fabrics or thermoelectric 

heating and cooling fabrics. The opportunities and limitations of each of these approaches are 

discussed and a special emphasis is placed on the review of thermoelectric fabrics.  

 

This research proposes that the Peltier effect observed in thermoelectric modules when an 

externally applied current can produce heating or cooling at the junction of two dissimilar 

semiconducting materials can be used as a noiseless, fluidless, small form factor cooling device to 



  

provide on-body thermal comfort. By suggesting the use of carbon nanotube yarns that are 

selectively doped to produce n-type and p-type semiconductors, and then integrating them into a 

woven fabric structure, it is proposed that a cooling of 5 ℃ can be achieved by such a fabric. In-

plane characterization of all three thermoelectric transport parameters – electrical conductivity, 

thermopower/Seebeck coefficient, and in-plane thermal conductivity is proposed so that the 

material performance can be accurately studied. Moreover, the incorporation of these materials 

into proposed fabric structure will also be optimized using theoretical calculations that combine 

the woven fabric geometry with thermoelectric cooling performance. Finally, the management of 

waste heat will also be theorized in this proposal, with suggestion for which waste heat 

management method is the most appropriate.  
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1. INTRODUCTION 

The International Energy Agency has estimated that in 2018 air conditioners and electric fans to 

stay cool accounted for nearly 20% of the total electricity used in buildings around the world.2 

Without intervention, rising global populations and incomes – especially in warmer parts of the 

world – will put an even greater stress on the world's resources to provide space cooling. An 

interesting and innovative approach to this growing problem is by intervening at the personal level 

via textiles. By integrating user controllable and responsive heating/cooling systems into textiles, 

there is a chance to provide personalized on-body thermal comfort without heating and cooling the 

built environment. However, this must be done without sacrificing the inherent characteristics of 

textiles – breathability, comfort, flexibility and strength. Serendipitously, the hierarchical nature 

of the textile structure as it progresses from fiber to yarn to fabric (or directly from fiber to fabric) 

can provide multiple form factors and sizes where heating/cooling devices can directly be 

integrated.7  

 

This dissertation is composed of a number of review and research papers, as well as supplementary 

information necessary to tie all of it together. Some of the papers are published and others are in 

different stages of publication. The dissertation is divided into two parts – part 1 in Section 2 

which provides a critical review of the current literature in textile-based thermal comfort, and part 

2 in Section 3 that proposes integration of active components into textiles to provide thermal 

comfort without sacrificing the inherent comfort, flexibility and strength of textiles.  

 

The review in part 1 has been published in two different papers, with the publication titled “Smart 

Textile-Based Personal Thermal Comfort Systems: Current Status and Potential Solutions”8 
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covering the active and passive thermal comfort systems, and the publication titled 

“Thermoelectric Materials for Textile Applications” (In press, MDPI Molecules) containing the 

review of flexible thermoelectric systems for personal thermal comfort.  

 

The review starts with a discussion of the broader environmental impact that our need for thermal 

comfort has had in Section 2.1. This is followed by a classification of the various approaches to 

creating personal thermal comfort systems (PTCS) within textiles into two types: passive PTCS 

(pPTCS) which do not need an external power source and can respond to the environment around 

them due to their inherent material/surface properties, and active PTCS (aPTCS) which need an 

external power source to operate, in Section 2.2. An ideal PTCS system consisting of sensors 

coupled with either pPTCS or aPTCS or both is also described, see Figure 1, and although sensors 

are not a focus of this review, such an ideal PTCS system could possibly allow thermal comfort to 

the wearer without user intervention. Various manners of deployment of pPTCS in textiles are 

discussed, including phase change materials in Section 2.3.1,9–13 thermal management in textiles 

that reduces the amount of heat lost from the body using traditional methods such as 

interlinings14,15 as well as more novel methods of creating unique fiber materials/shapes16 and 

fabric structures17 in Section 2.3.2, and passive cooling by allowing the body to more rapidly 

dissipate heat via techniques such as evaporative18 and radiative cooling19,20 in textiles in Section 

2.3.3.  

 

However, it is apparent that other than phase change materials, most pPTCS provide either heating 

or cooling not both. Further, even phase change materials themselves suffer from bulkiness and 

degradation in performance over time.21 Finally, pPTCS are limited to the amount of temperature 
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gradient they can provide for comfort. Hence, there is a need to have powered aPTCS that can 

controllably deliver both heating and cooling and provide a larger range of thermal gradient. 

aPTCS can be implemented using a variety of technologies such as liquid cooling integrated into 

textiles,22–25 electrocaloric cooling,26–28 magnetocaloric cooling,29–32 thermoelectric temperature 

regulation,33–37 and Joule heating devices.38–45 While Joule heating devices are easier to implement 

into textile structures and thermoelectrics (TEs) show potential for both heating and cooling, liquid 

cooling can be cumbersome and bulky, and magnetocaloric and electrocaloric cooling are 

emerging technologies existing mainly in flexible film form.34 Additionally, TE cooling is well-

studied and has the highest exergetic efficiency amongst the various methods of solid state 

cooling.46 Thus, resistive or Joule heating fabrics are discussed in Section 2.4.1, followed by TE 

fabrics for temperature regulation in Section 2.4.2. 

 

In part 2, dissertation research carried out for textile-based thermoelectric fabrics is presented, with 

Section 3.2 discussing the material selection and characterization process, and Section 3.3 

discussing the design and evaluation of such a thermoelectric fabric. Section 3.2 has already been 

published under the title “In-plane Thermoelectric Properties of Flexible and Room Temperature 

Processable Doped Carbon Nanotube Films”47 and Section 3.3 is in the process of submission to 

Materials Today. Hence, this document is divided into a review section that consists of two 

published papers, and the research results that consists of two publications as well.  
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2. PART 1 LITERATURE REVIEW: TEXTILE-BASED THERMAL COMFORT 

SYSTEMS: CURRENT STATUS AND POTENTIAL SOLUTIONS 

 
2.1 Introduction 

The global energy consumption grew by 2.3% between 2013 and 2017, the fastest pace in a 

decade.1,2,48 Driven by the growth in population, household and commercial floor space, buildings 

account for about 40% of the energy consumption in the U.S. and Europe.49 Similarly in China, 

buildings account for about 27% of total national energy use from 1999 to 2001, which is predicted 

to increase to about 35% in 2020.50 Moreover, China’s primary energy consumption from 1978 to 

2015 grew annually by 5.6%, almost 3 times higher than that of the world during the same period.51 

In 2010, space heating dominated the residential and commercial buildings energy consumption 

globally, accounting for 32% and 33% of the total consumption.52 Space cooling currently 

accounts for almost 20% of the total electricity used in buildings globally, and is the fastest-

growing use of energy in buildings with the use nearly tripling between 1990 and 2016.2 For 

obvious reasons, there is a growing concern about the unsustainable growth in energy 

consumption, especially for heating and cooling – mainly attributed to population migration to 

cities, decreasing household sizes, changes in lifestyle coupled with an increase in the number of 

built spaces due to urbanization, and the growing and ever present need for thermal comfort.2,53 

The way to moderate this demand and mitigate the potentially serious environmental 

consequences, is by introducing fundamental changes both at the building and individual levels.  

While at the building level, it is important to reduce the building operational energy load with 

better design and retrofitting to the level that it can be met through renewable sources of energy,54 

at the personal level, developing a thermoregulation systems that can provide heating/cooling for 

the space immediately surrounding the body would contribute immensely to energy 



 

 

5 

sustainability.55 Although, the Standard 55 from the American Society of Heating, Refrigerating, 

and Air-Conditioning Engineers (ASHRAE) defines an indoor temperature set point between 

approximately 20°C and 23°C, extending this range by just 1-2°C can result in an annual energy 

savings of 7-45%.55  

 

Therefore, there exists a tremendous opportunity to develop next-to-skin thermoregulatory 

systems, ideally, within textiles, termed as personal thermal comfort systems (PTCS). Textiles are 

an obvious choice not just due to their proximity to the skin, but also due to their conformable 

nature and their hierarchical structure that can allow incorporation of heating and cooling systems 

at the fiber, yarn, or fabric level. Additionally, by moving heating and cooling away from built 

environments to personally controlled systems, it would be possible to tailor thermal comfort 

requirements based on age, gender, location, and metabolism.  
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2.2 Active versus Passive Thermoregulation Systems 

The cost of energy for space heating and cooling and its impact on environment should not be 

underestimated (cf Section 2.1). Globally, space heating and cooling account for over one-third of 

all energy consumed in buildings, rising to over 50% in cold climates.48 PTCS could be a key 

component in the solution to this problem. Exposure to extreme hot or cold temperatures can 

negatively impact a person’s performance, create life-threatening situations such as heat strokes 

or hypothermia, as well as negatively impact quality of life.56,57 Moreover, factors such as gender,4 

age,5 and physiology6 can influence the experience or lack of thermal comfort, and hence moving 

temperature control away from the built environment to next-to-skin thermoregulation can have 

overall positive impacts.  

 

PTCS can be implemented using active and/or passive systems. Active PTCS (aPTCS) enable 

personal thermoregulation with the aid of an external power source. Examples of aPTCS include 

Joule or resistive heating fabrics38,39,58–60 and thermoelectric (TE) temperature regulators.33,61,62 On 

the other hand, passive PTCS (pPTCS) require no external energy to operate and are able to 

regulate the micro-climate around skin due to intrinsic material properties or 

structural/morphological characteristics of the system itself. Such pPTCS can also enable personal 

thermal comfort via actuators that can respond to a stimulus from the body, such as temperature 

or moisture-triggered actuators.63–67 Temperature and moisture are two important natural triggers 

already available in the human body and the environment, and hence are good candidates as 

stimulants. pPTCS also include radiative cooling textiles,19,20,68–70 fibers with highly directional 

thermal conductivity,71,72 phase change materials (PCMs) integrated into textiles,21,73 and 

thermally insulating textiles.16,74,75  
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For integration into textiles, there are certain requirements that both aPTCS and pPTCS must 

fulfill: (i) mechanical and physical compatibility with textiles, i.e., flexibility, lightweight, and 

conformability such that they can be integrated into body-worn form factors,16 (ii) low power 

requirements in case of aPTCS,58 and (iii) stable and controllable temperature regulation in the 

relevant range.38 

 

 

Figure 1: Concept of an ideal PTCS that includes active and passive components.8 Passive 
components include IR cooling, phase change materials, thermal management/moisture 
wicking/directionally conducting fibers, and moisture/temperature actuator fibers or patches. 
Potential active components include fiber‐based sensors, thermoelectric heating/cooling, resistive 
heating, and actuators for moisture/thermal management. Reproduced with permissions.8 
Copyright 2020, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 



 

 

8 

While an ideal PTCS should be autonomous, it should also allow the user to have direct control 

over their environment based on their own perception of comfort. The level of personal control 

should be independent of the building’s temperature set point, to accommodate the individual’s 

perception of thermal comfort. The autonomous PTCS should be able to sense and respond to the 

changes in environmental conditions around the wearer’s body, as shown in Figure 1. In such a 

system, both active and passive components could be incorporated in the same clothing to 

complement each other. For example, the functionality of a thermoregulation textile containing 

only pPTCS such as moisture or temperature responsive actuators can be further expanded by 

incorporating aPTCS such as resistive heating elements into them. On the other hand, the system 

could potentially be composed solely of aPTCS: combining temperature and/or moisture sensors 

that can trigger TE heating and cooling fabrics depending on the sensors’ assessment of the 

wearer’s physiology and surroundings. Consequently, a truly “smart” textile, one that is a self-

monitoring, adaptive, and responsive textile, can provide optimal thermal comfort to the wearer 

without the need for intervention. 

 

Certain pPTCS are capable of providing such a form of adaptive thermal regulation, such as the 

dual mode heating and cooling garment developed by Hsu et al,68 but most are limited to either 

cooling19,20 or thermal insulation,16,74 or are more specifically geared towards moisture 

management.76 The following sections cover such systems beginning with pPTCS, and then 

continuing onto aPTCS.  
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2.3 Passive Systems for Thermal Comfort 

Passive thermoregulatory textiles provide thermal comfort due to an inherent 

morphological/structural or material property of the textile. This includes textiles that can store 

and release latent heat energy using PCMs,9,21,56,73,77 insulate the body from uncontrolled heat-loss 

by using multilayer structures,14,74 possess unique fiber structures such as core-shell insulating 

fibers16 and moisture-wicking textiles,18,78–81 have directional thermal conductivity,72,82,83 or 

regulate infrared (IR) radiation emitted by the human body,19,20,68 or actuators that can alter 

structural porosity and moisture/vapor permeability in response to stimuli such as heat and 

moisture from the human body.67,76,84–87  

 

2.3.1 Phase Change Materials 

PCMs incorporated into textiles can enable thermal regulation due to their ability to store and 

release large amounts of latent heat effectively as they go through the process of melting and 

freezing.21,88 When PCMs undergo a latent heat absorption or release cycle, their temperature 

remains constant, and hence they are able to oscillate between solid and liquid/gas phases within 

a certain temperature range.89 When the external environment temperature is higher than that of 

the PCM, heat transfers from the material to the surroundings and vice versa when the external 

temperature is lower than that from the PCM, as shown as shown in Figure 2. Thus they can create 

a heating or cooling effect when incorporated into textiles.90  
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Figure 2: Typical differential scanning calorimetry (DSC) heating thermogram for PCM melting. 
During the phase change, the PCM material absorbs a large amount of latent heat from its 
surroundings. Reproduced with permissions.9 Copyright 2007, Elsevier Ltd. 

 
 
This form of heat storage is different from sensible heat storage (SHS) as it involves a phase change 

whereas SHS systems do not undergo a phase change but rather work by shifting the temperature 

of the storage medium.91 PCMs can be classified based on various criteria such as their phase after 

transition into solid-gas, solid-liquid, and solid-solid PCMS,[1] the temperature ranges over which 

the phase transition occurs into low temperature (below 15 °C), mid temperature (15-90 °C) and 

high temperature PCMs (above 90 °C),92 on the basis of their chemical structure into eutectic and 

inorganic PCMs,93 and on the basis of their morphology into fibrous, porous and spherical 

structured PCMs.94 While it is beyond the scope of this review to cover the vast literature in the 

field of PCMs, readers are referred to some excellent reviews on the various types of 

PCMs.9,21,89,92–96 

 

For incorporation of PCMs into textiles for enabling thermal comfort, microencapsulation is an 

important technique since it allows the PCMs to undergo phase change from solid to liquid within 

a thin and resilient polymer shell (between 1 – 30 µm in diameter).9 PCMs have been incorporated 

into textiles most commonly in three different ways: (i) addition of PCMs into the fiber matrix to 
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produce phase change fibers by various methods such as (a) wet spinning to create alginate fiber 

containing microencapsulated n-octadecane (µoctadecane) PCM,10 polyacrylonitrile vinylidene 

chloride fibers with µoctadecane PCM,97 and others,98,99 (b) melt spinning to create core-sheath 

fibers with µoctadecane-PE composite core/PP sheath,11 poly(butylene terephthalate) (PBT) fibers 

containing µoctadecane PCM,100 PET/(polyethylene glycol) (PEG) copolymer that was melt spun 

into fibers,101 and others,102,103 and (c) electrospinning to create electrospun PCM containing fibers 

such as PET/fatty acids composite fibers,12 core-sheath fibers with PCM octadecane core and a 

TiO2-polyvinylpyrrolidone (PVP) sheath,104 and PEG/cellulose acetate composite fibers,105 and 

others,106–109 (ii) coating textiles with microencapsulated PCMs,13,77,110–112 and (iii) incorporation 

of microencapsulated PCMs into foams which can subsequently be embedded into textile 

products.111,113,114 Sanchez et al. synthesized polystyrene microcapsules containing paraffin wax 

PCM and coated them onto 100% cotton fabric.112 Paraffin wax is one of the most commonly used 

PCMs for storing thermal energy due to its high heat storage capacity, chemical inertness, low 

toxicity and cost, and tunable phase change temperature; however it needs to be encapsulate for 

textile applications since it has a low melting point.115 Sanchez at el. observed thermal insulation 

of the textiles when PCM microcapsules are incorporated into the fabric via coating by heating 

coated and uncoated cotton fabrics up to 45 °C and taking thermal images of the fabric surface.112 

The temperature 45 °C was chosen since it was higher than the phase change temperature of the 

paraffin wax, causing it to melt. They noted that fabrics with PCMs cooled down slower (or retain 

heat better) than the uncoated fabrics due to the high amount of heat released by the paraffin wax 

during the cooling process. Hence, the PCM incorporated fabrics were warmer by 8.8, 6.3, 5.6 and 

2.5 °C after 6, 12, 44 and 75 s of cooling, respectively.  
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While PCMs can provide reversible passive heating and cooling, there are certain limitations that 

they suffer from when incorporated into textiles. Incorporating PCMs into textiles can result in 

adding excess weight to the fabric as well as reduce the durability of the textile.21 Additionally, 

PCMs can also decrease the strength and flexibility of the fabric.9,21  

 

2.3.2 Passive Heating in Textiles 

Historically, pPTCS have been developed by modifying the structure of textiles to impart desirable 

thermal insulation, including multilayered structures incorporating interlinings,14,15 specific fiber 

structures such as core-sheath fibers,116 hollow fibers17 and microfibers,117,118 and various 

knitted119,120 and woven fabric constructions.121,122 Since one of the most fundamental reasons of 

textile usage is for warmth and protection from external elements, thermal insulation has been an 

important parameter in the assessment of the overall textile performance.123 Factors such as the 

thermal insulation of the fiber, and the stationary air contained within the fabrics and yarns, often 

expressed as its bulk density or porosity have been considered primary determinants of its thermal 

properties.82,124 For example, the scaled outer structure of wool combined with its natural crimp 

allows this fiber to hold a large amount of stationary air around it. Similarly, natural down fibers - 

derived from waterfowl such as duck, goose, mallard, and swan - are composed of a shaft of 

circular cross-section fibers known as barbs, wherein the barbs themselves consist of perpendicular 

protrusions known as barbules, as shown in Figure 3.125 The barbules consist of periodically 

repeating hook-like structures which - together with the barbs - allow for greater air entrapment, 

resulting in more enhanced thermal insulation.75 The thermal insulation properties of down are 

attributed to its thick and resilient construction that traps still air, and allows it to recover to its 

original shape after compressive deformations, thereby retaining the entrapped air.75 Synthetic 
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fibers are processed in different ways to mimic this effect of holding a large amount of still air to 

create thermal insulation.17,126,127 By having fiber cross-sections with a hollow core, manmade 

fibers can provide greater thermal insulation due to increasing trapped air within the fibers with 

higher bulk at lower weight – an imitation of the naturally occurring, hollow medulla in wool fibers 

and lumen in cotton fibers.17,126,127 Varshney et al. studied the influence of fiber cross-sectional 

shape on the thermal comfort properties of fabrics thus created – incorporating four different cross-

sections of polyester fibers (circular, trilobal, scalloped oval and tetrakelion) into their study.128 

They observed that fabrics composed of fibers with non-circular cross-sections such as tetraklion 

and trilobal have higher thermal insulation due to greater bulk, thickness and trapped air, when 

compared to fabrics made of fibers with scalloped oval cross-sections. Development of microfibers 

or micro denier fibers (linear density between 0.3-1 decitex) has also led to enhanced thermal 

regulation due to their lower heat conductance.117,118  
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Figure 3: Feather structure of modern birds.129 a) The feather shaft and feather vane. The vane 
contains barbs and barbules. b) Barbs branching from the feather shaft. c) Barbules are miniature 
beams branching from the barbs. Reproduced with permissions.129 Copyright 2016, Acta 
Materialia Inc. Cross-sectional Scanning electron microscope (SEM) images melt spun 
polyester.130 d) Round. e) Hollow-round. f) Trilobal. g) Hollow-trilobal. Reproduced with 
permissions.130 Copyright 2006, Wiley Periodicals, Inc. 

 
 
Another method of imparting higher thermal insulation to fibers and yarns is by enhancing its bulk 

via a texturization process. In this process, a bundle of flat and smooth fibers (yarn) is undergoes 

a significant change in its physical form by being crimped, looped, or curled using mechanical or 

thermal processes.131 Texturization causes fibers to protrude from the surface of texturized yarns, 

enabling them to trap air and increase thermal insulation.132 It also transforms flat, smooth, and 

slippery filaments into stronger, more cohesive and bulky yarns, enabling greater comfort and 

thermal properties.133 Two of the most common methods of texturizing involve heating 
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thermoplastic fibers in distorted shapes followed by cooling, to retain the shape, or using a 

turbulent air-jet to entangle the fibers in a yarn to introduce volume.133 Texturized yarns and 

resultant fabrics show enhanced elasticity and resiliency, along with an increase in the air spaces 

in their structure.15 Texturizing contributes to a decrease in the thermal absorbance of the fabrics 

made from such yarns, resulting in a lower contact area between the fabric and skin, creating 

greater air insulation.133,134    

 

In nature, thermal insulation plays an important role in the survival of animals in the cold Antarctic 

and Arctic regions, including penguins, polar bears, and harp seals.135–139 Hence, these animals 

have innovatively adapted to their harsh environments by minimizing convection, conduction and 

radiation heat losses.139 The long afterfeather and fine barbules in penguin feathers prevent 

radiative and convective heat losses and sufficiently trap air to increase insulation.138,140 

Additionally, by huddling together penguins also take advantage of social thermoregulation.141 In 

the case of polar bears, their nearly transparent hair has a smooth outer surface and is hollow with 

a rough, lamellar foam-like core, enabling air to be trapped within the hollow structure of the hair, 

as well as between individual hairs; providing superior thermal insulation.137 Moreover, polar bear 

hair traps radiation so well that polar bears appear invisible when viewed with an IR camera.136  

To mimic the structure of such thermally insulating fibers seen in animals, fibers with complex 

microstructures have been fabricated using various techniques such as microemulsion and 

microfluidic electrospinning,142–144 biotemplating to make biomimetic fibers,145–147 fiber 

printing,148,149 microfluidic fiber formation,150–152 and freeze-spinning.16,153–155  
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Electrospinning is a technique that uses electrostatic forces to drive a conductive fluid onto a 

collector plate to fabricate ultrathin fibers with diameters ranging from several micrometers to tens 

of nanometers. Hence, electrospinning has been used to fabricate fibers with both solid and hollow 

interiors with diverse compositions and mechanical properties.156 It differs from commercial 

microscale fiber fabrication processes due to its use of electrostatic repulsion as a way to reduce 

the fiber diameter, rather than using mechanical or shear forces.157 Chen et al. used emulsion 

electrospinning – a technique that can encapsulate materials into electrospun fibers to create 

functional core-shell structures without the use of elaborate spinneret designs – to create 

ultraporous TiO2 nanofibers with diameters below 100 nm.142 The pores within these fibers were 

aligned along the fiber length and were hierarchically structured due to demuslification of the oil 

phase within the fibers combined with the elongation of the liquid due to the electric forces applied 

during electrospinning. In this way, the pore size within the fibers could be controlled by varying 

the amount of oil in microemulsion used for fiber formation.142 However, electrospinning still 

suffers from certain limitations such as the need for high voltage (in kV range), high sensitivity to 

fabrication conditions, low reproducibility of the fiber diameters, and toxic gas generation during 

the electrospinning process.83  

 

Another method to fabricate complex biomimetic fibers is through biotemplating – a templating 

technique that uses natural systems as templates to impart novel functionalities into materials.158 

This technique has been used extensively to biomimick complex fiber morphologies of cotton 

fibers, wood, silk, and protein fibrils using inorganic materials such as SiC, TiO2, SiOC, MgO, 

Al2O3 and AgNWs.145,159–164 Reches and Gazit used peptide nanotubes observed in amyloid fibrils 

as biotemplates/molds for casting silver inside the fibrils to create silver nanowires ⁓ 20 nm in 
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diameter.164 Similarly, Wang et al. used silk fibers as a template to create biomimetic Al2O3 fibers 

which retained the morphological properties of silk.145 Since silk has excellent heat insulating 

properties, it was selected as a natural template to enhance the same properties in Al2O3 fibers, 

creating micro and meso pores within the fibers. However, fibers produced via bio-templating 

methods may not always be able to perfectly mimic the structure of their natural counterparts. In 

the case of Al2O3 fibers, there were obvious non-uniformities on their surface and the 

biotemplating was not able to impart the smoothness of silk fibers, even though the biotemplated 

Al2O3 fibers did have better thermal insulation than their traditionally-made counterparts.145 

 

In recent years, using printing to create unique fiber cross-sections has been widely 

explored.83,148,149,165,166 While some of these works in literature are for fabricating electronic 

textiles (e-textiles), and hence not directly related to the development of passive thermal comfort 

fibers, it is still interesting to note the approach used to create unique cross-sections. Note that this 

process is being referred to as “fiber printing” and not “3D printing” since many of the techniques 

used are not akin to 3D printing. Rather these fiber printing techniques are nozzle-based extrusion 

of unique cross-sections, unlike 3D printing where the stage or nozzle are controlled via a 

preselected computer generated pattern to create micro or macro structures in 3 dimensions using 

raw materials or inks.167 Using four cylindrical nozzles aligned coaxially, Frutiger et al. printed 

capacitive soft strain sensor (CS3) fibers in a four layer configuration, with the cross section 

consisting of concentric ionically conductive fluid sandwich by layers of silicone elastomer as an 

insulator/dielectric medium.148 Our research group also used extrusion of conductive silicone 

elastomers to create bicomponent dog-bone cross-sectional sensors for strain and touch sensing 

applications.165 This extrusion printing method involved extruding photocurable silicone elastomer 
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and electrically conductive carbon-black containing heat-curing silicone elastomer onto an etched 

acrylic mold via a custom extrusion setup consisting of syringe pumps.165 Gao et al. demonstrated 

a thermally conductive fibrous structure via a combination of wet spinning with 3DP of a 

suspension of polyvinyl alcohol (PVA) with boron nitride (BN) nanosheets (BNNSs) for use as a 

thermal regulation smart textile.83 BN is traditionally used as an effective thermal management 

material due to its high thermal conductivity combined with electrical insulation.168,169 Hence, 

BNNS show a high in-plane thermal conductivity of approximately 2000 W/mK.170 Using a 

BN/PVA dispersion as ink for a 3D printer, the fibers were extruded into a cooled methanol bath, 

followed by drying and hot drawing to align the BNNSs. While the fibers were collected in a 

coagulation bath of methanol akin to wet spinning, the technique of extruding the fibers was still 

referred to as 3DP. This process can be considered a combination of wet spinning with material 

extrusion. Due to the flow-induced alignment of the BNNSs, further enhanced by a subsequent 

hot-drawing process, the resulting composite fiber had a high in-plane thermal conductivity. The 

hot-drawing process reduces the diameter of the BN/PVA fibers from 300 to 95 µm, indicating 

that the structure of the fiber is denser, with high alignment of BNNS along the length of the fiber. 

These fibers showed good mechanical properties and were used to create knitted and woven 

fabrics, thereby demonstrating their scalability and application as a wearable thermal regulation 

fabric for enhanced personal comfort.  

 

While the process of extrusion printing fibers is becoming more popular to create e-textiles, it is 

still difficult to obtain very long, continuous lengths at the length scale of typical textile fibers.165 

In Gao at el.’s work on thermally conductive BNNS fibers, while the method of making these 

fibers is referred to as “three-dimensional” printing, on further inspection it is a combination of 
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nozzle extrusion using a benchtop dispensing robot, followed by coagulation in a methanol bath, 

and subsequent hot drawing at 200°C.83 It is important to note that the term “fiber” has been used 

loosely in research related to 3D printing of fibers. Traditionally, a textile fiber is characterized as 

having a length at least 100 times its diameter or width, and can be composed of either natural or 

manufactured materials.171 Additionally, a fiber has a fibrillary microstructure with highly oriented 

molecular chains.172 These fibers are then spun into yarns or made directly into fabrics using 

various techniques such as weaving, knitting, twisting, felting, braiding, and twisting. Moreover, 

for fibers to be able to form yarns, they need to be at least 5 mm in length, be flexible and cohesive, 

and be sufficiently strong so as to create durable yarns and fabrics.171 Keeping these requirements 

in mind, printed fibers and filaments are inherently very different from conventional textile fibers 

and yarns. However, interest in rapid prototyping and 3D printing is consistently growing, and 

with new materials and techniques it may be possible to create textile-like structures in the future.  

 

Microfluidic fiber formation involves using the microfluidic technique of precise manipulation of 

fluid within submillimeter scale channels to create fibers with unique cross-sections and 

morphologies, usually for biomedicine applications.173 Using photopolymerization and ion 

crosslinking reactions, various fiber cross-sections have been composed in the submillimeter scale, 

including hydrodynamically shaped triaxial fibers composed of poly(ethylene glycol) 

dimethacrylate (PEGDMA) and gelatin,174,175 coded fibers with varying spatiotemporal variation 

in material composition composed of alginate which is chelated with Ca2+ ions to form solid 

alginate fibers,176 and hollow hydrogel fibers.177 While some complex microstructures can be thus 

obtained, microfluidics is limited by the types of materials that can be used, scalability of 

production, as well as uniformity of thus produced fibers.151,178  
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Figure 4: Biomimetic hollow core-shell fibers produced via free-spinning for thermal insulation.16 
a) A polar bear in its natural habitat. b) SEM image showing the hollow, foam-like structure of 
polar bear fur. c) SEM image of the core-shell structure of polar bear fur. d) Freeze-spinning 
method to produce biomimetic fibers, combines directional freezing with solution spinning. This 
process involves extrusion of silk fibroin solution from a syringe, followed by freezing as it passes 
through a cold copper ring. Thus formed porous structure is woven into a textile, as shown in 
figures e), f) and g). Reproduced with permissions.16 Copyright 2018, WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. 
 
 
 
Freeze spinning provides a simple method to produce large quantities of fibers with complex 

microstructures, as demonstrated by Cui et al. with hollow fibers consisting of an aligned 

microporous structure, mimicking the fiber structure of polar bear hair, as shown in Figure 4.16 

The fiber's aligned lamellar and axially aligned porous microstructure enabled enhanced 

mechanical properties, as shown in Figure 5. When a fabric made of these fibers was reportedly 

exposed to external cyclical temperature variation between -22 and 80°C, its temperature only 

cycles between -10 and 64°C. This superior thermal performance was attributed to the fiber’s 

reduced heat losses through convection, conduction, and radiation. Convective heat losses were 
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minimized by air being trapped within the fiber microstructure. Additionally, due to high porosity, 

the thermal conductivity of the fiber is lower. Finally, radiative heat losses are reduced because 

the aligned microstructure results in higher reflectance and hence radiation can remain trapped 

within the fiber.16  

 

 

Figure 5: Mechanical and thermal insulation performance of biomimetic hollow core-shell fibers 
inspired by polar bear hair.16 a) SEM images showing the aligned cross-sections of fibers prepared 
at - 40°C, - 60°C, - 80°C, and - 100°C. b) SEM images of randomly aligned fiber cross-sections 
prepared at – 196 °C. c) Comparison of tensile strength and elongation with pore size shows that 
the random pores (1) have worse mechanical properties than aligned pores (2). d) Infrared images 
of fibers placed vertically on a heated stage at various temperatures, showing the temperature 
difference between the fibers and the stage. From left to right, the pore sizes of the fibers (in µm) 
are: 85, 65, 45, 30 and 20, respectively. e) Absolute temperature difference (|ΔT|) between the 
stage and the fibers shows that smaller pore sizes have better thermal insulation. Reproduced with 
permissions.16 Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
 
 
With increasing global temperatures, cooling is also an important aspect of thermal comfort that 

can be provided to the human body using innovative textile-integrated technologies. Just as passive 

heating textiles work to minimize the heat loss from the body, passive cooling textiles explore the 
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possibility of moving heat away more efficiently. The subsequent section discusses the various 

implementations of passive cooling in textiles. 

 

2.3.3 Passive Cooling in Textiles 

Along with insulation to provide warmth, cooling is also an important aspect of thermal comfort. 

With an estimated 15% of electricity consumption and 10% of greenhouse gas emissions attributed 

to global cooling systems, it is an important area of research in pPTCS.179 Textiles with moisture 

wicking technology enable quick drying and evaporative cooling of the human body by facilitating 

the transport of sweat and water vapor from the body to the environment.18 Traditional hydrophilic 

textiles such as cotton and wool are easily wetted by sweat due to their multiple bonding sites for 

water molecules resulting in higher sweat absorption, whereas synthetic hydrophobic textiles such 

as polyester have fewer water bonding sites which when combined with non-circular cross-

sectional profiles allow for higher surface area and increased moisture wicking abilities.180–183 

Hence, to enable high moisture absorption and release, a combination of hydrophilic and 

hydrophobic textiles is needed.184 Synthetic fibers are becoming increasingly popular in the textile 

industry due to their superior wash and wear, anti-wrinkle, and quick drying properties despite 

their low moisture regain (moisture regain of polyester is 0.42% while that of cotton is 

8.5%).180,185,186 For this reason, modifications to synthetic fabrics such as using profiled fibers i.e. 

fibers with non-circular cross-sections that allow for higher surface area and increased moisture 

wicking have been made.180–183 For example, Coolmax® profiled polyester fibers have a unique 

“tetra-channel” cross-section with a flat trench that can form capillaries with adjacent fibers, 

allowing for sweat to wick through these capillaries and dissipate to the outer fabric.181 Other 

modifications to enhance moisture wicking in synthetic fibers include hollow/microporous 
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fibers,187,188 application of hydrophilic surface finishes on synthetic fabrics,189–191 creating 

blended/layered hydrophilic and hydrophobic fabrics to enhance moisture wicking.18,190,192,193  

 

A crucial limitation of the profiled moisture wicking fibers is that the transport of water is bi-

directional, i.e. the inner side of the fabric that is towards the skin would also be wetted by sweat 

and cling to the body. On the other hand, application of surface finishes requires complex 

manufacturing processes and may suffer from slower moisture wicking rate. To combat this, 

directional or “one-way” water motion has been implemented into fabrics to enable more efficient 

moisture-wicking.[177,178,206,206–215]18,78–80,194–196 This moisture transport and collection 

effect is observed in nature on the wings of the desert beetle197 and butterfly,198 on Cactus spine199 

and spider silk,81 and on rice200 and Strelitzia reginae leaves, as shown in Figure 6.201 These 

mechanisms - observed in the desert beetle, cactus and spider silk - are referred to as Janus 

wettability which results in an asymmetric and abrupt change in wettability, and have been 

implemented in fabrics using hydrophobic and hydrophilic fibrous layers.18,184,202 
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Figure 6: Moisture transport and collection in nature. a) Peaks and troughs on the overwings of 
the desert beetle.197 Scale bar = 10 mm. b) SEM image of the overwings with flattened hemispheres 
in a hexagonal array, like the superhydrophobic surface of a lotus leaf. Scale bar = 10 µm. 
Reproduced with permissions.197 Copyright 2001, Springer Nature. Directional adhesion of water 
on the superhydrophobic wings of a butterfly.198 c) Illustration showing arrows on the butterfly 
wings, indicating the radial-outward (RO) direction away from the body’s central axis along which 
water droplets roll. d) SEM image shows lamellar stripes on the wings, stacked stepwise along the 
RO direction. Scale bar = 100 nm. Reproduced with permissions.198 Copyright 2007, The Royal 
Society of Chemistry. Fog collection system on the spine of the cactus plant.199 e) SEM image of 
a single cactus spine consisting of three regions: (1) tip with oriented barbs, (2) middle with 
gradient grooves, and (3) base with hair-like structures called trichomes. The blue and yellow 
boxes indicate regions with wider and narrower grooves, respectively. Scale bar = 20 µm. f) 
Mechanism of fog collection on the cactus, water droplet deposition on the barbs and spine (4), 
followed by collection on its tip (5), transportation on grooves (6), and absorption onto trichomes 
(7). Adapted with permissions.199 Copyright 2012, Springer Nature. 
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Miao et al. implemented the principle of Janus wettability by developing a trilayered fabric with 

electrospun polyacrylonitrile (PAN)-SiO2 fibers on the outermost layer, hydrolyzed polyurethane 

(PU)-PAN as the middle transfer layer and hydrophobic PU membrane as the inner layer to create 

a fabric with progressive wettability, as shown in Figure 7.18 In this manner, sweat would collect 

on the PU layer without spreading along the surface, creating an anisotropic movement of water. 

The sweat would then move through the hydrolyzed PU-PAN transfer layer that allows movement 

only in one direction, preventing penetration of sweat back towards the skin. Finally, at the PAN-

SiO2 layer the sweat would spread and dissipate over the entire membrane due to the capillary 

motion of the nanostructured fibers and their superhydrophilicity. Such fabrics have been explored 

by other researchers as well, wherein bilayered or trilayered fabrics with the moisture wicking 

layer composed of electrospun fibers such as PLA/cellulose acetate (CA),78 PAN coated with 

polydopamine,195 PVA,196 and PAN-SiO2.80 While such fabrics provide a method to create sudden 

transitions in wettability by creating multiple fabric layers, a challenge with this technique is to 

ensure that moisture transport retains its unidirectionality and does not travel backwards into the 

fabric. Another method of creating directional moisture wicking on a hydrophobic woven polyester 

fabric is by creating a hydrophobic to hydrophilic transition through the fabric thickness.194,203–205 

This was explored by Zeng et al. by electrospraying a thin layer of SU-8 (commercial photoresist) 

on one side of it, creating a hydrophilic finish which enabled one-way transport of moisture.194 

However, such finishes need further exploration in terms of washability and durability to the 

various stresses and strains textiles experience.  
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Figure 7: Trilayered moisture wicking membrane with directional water transport for thermal 
comfort.18 a) Schematic showing the moisture wicking process in the trilayered fabric. The 
outermost layer (blue) is composed of electrospun hydrolyzed polyacrylonitrile-SiO2 (HPAN) 
fibers and facilitates capillary motion to pull out sweat. The middle layer (purple) is composed of 
hydrolyzed PU-PAN (PU-HPAN) fibers and acts as a transfer layer with progressive wettability. 
It guides the water from the inner to the outer layer, without allowing transfer in the opposite 
direction. The layer closest to the skin (orange) is hydrophobic PU membrane which allows 
anisotropic wettability thorough the thickness, allowing sweat to penetrate through the inner layer 
without spreading on the surface. b) SEM image of the cross-section of the trilayered membrane. 
c) A drop of water placed on the hydrophobic PU side of the trilayered membrane penetrates it 
almost instantaneously. d) A drop of water placed on the hydrophilic HPAN side spreads across 
its surface. e) and f) illustrate the mechanism of water transport through the layers, depending on 
whether the water is dropped from the PU side or the HPAN side, where the transport depends on 
the balance of hydrostatic pressure (HP), hydrophobic force (HF), and capillary force (CF1, CF2) 
felt by the water droplet. Reproduced with permissions.18  Copyright 2018, WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

 



 

 

27 

While moisture wicking or evaporative cooling is one of the most prevalent methods of cooling 

the body currently, it is limited by the fact that the fabric is only activated when there is 

considerable perspiration present on the wearer’s skin.70 Hence, this may not be the best method 

of providing cooling during sedentary conditions. Radiative cooling fabrics can be an efficient 

manner to deliver thermal comfort in such situations.19,20,68,69,206 Mid-infrared (IR) radiation 

emitted from the human body accounts for over 50% of the total body heat loss.20 Hence, being 

able to dissipate heat from the human body via radiation would enable efficient cooling. There are 

certain requirements that such textiles must fulfil in order to provide passive radiative cooling, 

including efficient reflection of incident sunlight and high emission in the 8 – 13 µm wavelength 

with reflection in all other wavelengths.207 Tong et al. developed a theoretical design for an infrared 

(IR)-transparent visible-opaque fabric (ITVOF) with polyethylene (PE) as the material taken into 

consideration for calculations.70 They predicted that for a textile to be able to have sufficiently 

high transmittance and low reflectance in the IR wavelengths while still maintaining opacity in the 

visible wavelengths it would need to be made of a synthetic material and have a low material 

volume with small yarn (30 µm) and fiber (1 µm) diameters.70 However, as Tong et al. point out 

in their research, PE is not compatible in terms of wearability, dyeability, and launderability of 

textiles. Additionally, the transmission of water vapor is an important aspect of comfort that is not 

possible in PE fabrics. To further this research on IR transparent fabrics, Hsu et al. created a 

nanoPE cooling fabric with dual-mode, bilayer passive heating and cooling, consisting of a low-

emissivity layer combined with a high-emissivity layer, as shown in Figure 8.68 The bilayers 

composed of a high-emissivity material (nanoPE coated with carbon) and low-emissivity material 

(copper coated nanoPE) layered together and sandwiched by uncoated nanoPE on both sides. Since 

nanoPE is IR transparent, it can allow radiation to travel through it, with the bilayer fabric acting 
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as a filter to regulate the amount of radiation that passes into the ambiance from the skin. Hence, 

in the cooling mode the high-emissivity layer is facing towards the ambient side, with a thin layer 

of nanoPE between the emitter and the skin. Radiation passes from the skin, through this thin layer, 

and is emitted into the ambient temperature more readily than a conventional textile fabric. 

Similarly, by flipping the bilayer in the heating mode such that the low emissivity layer is facing 

the ambient side, less radiative heat is lost from the body to the environment. Peng et al. developed 

a cooling fabric composed of nanoporous PE (nanoPE) microfibers made via large-scale fiber 

extrusion process, as shown in Figure 8.20 This work expanded their previous work on the 

development of nanoPE in a nonwoven film form, which is not implementable into a wearable 

textile.69 Due to the presence of nanoscale porosities within these fibers, they can scatter visible 

light of larger wavelengths while transmitting mid-IR radiation from the human body. Visible light 

scattering enables the fabric composed of these fibers to remain opaque, whereas mid-IR 

transmission enables radiative heat transfer away from the body. Compared to skin covered with 

a cotton fabric, nanoPE fabric raises the skin temperature by 1.3°C, whereas cotton raises it by 

3.6°C.  
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Figure 8: Dual mode coated textile composed of nanoPE for radiative heating and cooling.68 a) 
Dual mode textile composed of multiple layers of nanoPE, carbon and copper with each layer 
consisting of a porous structure to enable comfort. b) and c) Illustrate the mechanism of dual mode 
textile. In cooling mode (b) with the high emissivity layer facing outside and the thinner nanoPE 
layer facing towards the skin, there is larger heat transfer resulting in cooling. In the heating mode 
(c) when the low emissivity layer is facing outside with the thicker nanoPE towards the skin, heat 
transfer coefficient decreases, enabling heating. d) High emissivity layer with carbon coating, with 
e) showing the SEM image of this side. The rough surface and pores enable higher emissivity. f) 
Low emissivity layer with copper coating, with g) showing the SEM image of this layer with its 
optically smooth surface and nanopores for moisture and vapor permeability. Reproduced with 
permissions.68 Copyright 2017, Creative Commons Attribution NonCommercial License (CC BY-
NC). Woven and knitted nanoPE fabric for large-scale radiative cooling.20 h) Schematic 
illustrating the various modes of cooling integrated into the fabric. With its high mid-IR 
transparency, it allows for radiative cooling from the human body, while remaining opaque to 
visible light. i) nanoPE microfibers were manufactured using a modified wet spinning process 
wherein a solution of paraffin oil and PE is extruded, and solidified, thereby phase separating to 
create nanopores. The paraffin oil is subsequently removed using methylene chloride, creating 
nanoPE fibers. j) SEM image of the cross-section and pores of the nanoPE fiber, with the inset 
showing a lower magnification SEM image of the fiber’s cross-section. Reproduced with 
permissions.20 Copyright 2018, Springer Nature.  



 

 

30 

During the day time, textiles made for radiative cooling face the challenge of resolving the internal 

heat generated both by the body and external heating from solar irradiance (approximately 1000 

W m-2).19,208 Hence, such materials need to be responsive to mid-IR and solar wavelengths (0.3 – 

4 µm) without sacrificing visual opaqueness. Such a material was first demonstrated by Cai et al. 

who made a nonwoven fabric by impregnating nanoPE with zinc oxide (ZnO) nanoparticles (NPs) 

– termed as a ZnO-PE.19 The low refractive index of nanoPE was offset by the high refractive 

index and low absorption in the visible and mid-IR wavelengths of ZnO. In this way, ZnO-PE was 

able to cool the skin outdoors better than cotton and bare skin. 

 

The pPTCS based on radiative cooling are able to provide much better performance than 

conventional textile materials such as cotton, and even bare skin itself.  However, there are a few 

caveats in their design that need to be addressed: most of these implementations are in film or 

nonwoven form. While these are suitable for demonstrating efficiency of cooling, when it comes 

to actual wearability, dyeability, launderability, and moisture wicking, further research is needed. 

Modifications such as making a woven or knitted structure,20 needlepunching and embedding 

cotton meshes into such fabrics to improve breathability,69 applying coatings such as 

polydopamine to increase hydrophilicity,19,69 and improving dyeability by incorporating 

pigments69 or making blends rather than pure nanoPE fabrics70 can enable radiative cooling textiles 

to be more applicable for practical use. Hence, the future of radiative cooling fabrics lies in 

developing them into dual mode heating and cooling fabrics to provide more extensive applications 

during both summer and winter seasons,68,206 and incorporating aspects of moisture wicking fabrics 

into their design to allow wearability.  
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2.4 Active Systems for Thermal Comfort 

An ideal self-correcting and adaptive PTCS system should use the active components that can 

either enhance the range of pPTCS or be used by themselves to provide thermal comfort in extreme 

temperature conditions. Active PTCS can be implemented using a variety of technologies such as 

liquid cooling integrated into textiles,22–25 electrocaloric cooling,26–28 magnetocaloric cooling,29–32 

TE temperature regulation,33–37,61 and Joule heating devices.38–45 Technologies such as Joule 

heating devices and TEs are easier to implement into textile structures, whereas others such as 

liquid cooling can be cumbersome and bulky, and in case of magnetocaloric and electrocaloric 

cooling, are emerging technologies existing mainly in flexible film form. Additionally, TE cooling 

is well-studied and has the highest exergetic efficiency amongst the various methods of solid state 

cooling.46 Hence, this review will narrow its focus of aPTCS to Joule heating fabrics and TE 

temperature regulation systems. These systems have the capability to provide lightweight thermal 

comfort solutions that can be integrated into existing fabrics by coating or carbonizing,39,58 or by 

integrating thermoregulatory patches into fabrics.34  

 

2.4.1 Joule Heating 

Resistive or ohmic or Joule heating is a fundamental principle by which electrical heaters operate. 

The basic principle of this phenomenon is the generation of heat due to collisions of electrons with 

atoms and other free electrons in an electrical conductor when current is passed through it. The 

amount of heating power (P) produced by the electrical conductor is a product of the square of the 

current (I)  and the resistance (R)  the conductor,  𝑃 = 𝐼!𝑅,	known as the Joule-Lenz law.209  
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Integration of Joule heating technologies into wearable form factors has the potential for use in 

thermotherapy for alleviating joint pains,210,211 promoting wound healing,212 and PTC fabrics.38,213 

There are certain important aspects that have to be taken into account while integrating such 

elements into wearable applications: comfort, weight, haptic feedback where the heaters are 

located, sewability/weavability of the fabric, and the ability to withstand multiple cycles of 

use.(217) Due to the changes in resistance that occurs during mechanical deformation, it is 

important to ensure that when Joule heating elements are integrated into textiles they maintain 

their heating capability. Commonly used materials for creating such heating elements within 

textiles include carbon materials such as carbon nanotubes (CNTs)40–42 and graphene,39,214 metallic 

NWs,38,210,213 and conducting polymers,43,44,215,216 as well as composites of these materials.217–221 
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Figure 9: Cotton fabric dip coated with AgNW dispersion to create a resistive heating fabric for 
personal thermal comfort.38 a) Concept of the AgNW coated fabric that enables passive thermal 
radiation insulation coupled with active Joule heating. b) The cloth was cut into an S shape and 
placed on the palm, with the thermal image showing that the AgNW cloth can effectively block 
IR radiation from the human body, thereby showing a lower temperature. c) Different voltages are 
applied to a 1 inch X 1 inch AgNW-cotton fabric and the temperature change is measured. A 0.9 
V applied voltage can induce a temperature change up to 38 °C. Reproduced with permissions.38 
Copyright 2015, American Chemical Society. CNT fibers integrated into woven fabric for Joule 
heating textiles.222 d) CNTs are woven with cotton threads and copper wires to create Joule heating 
fabrics. The copper wires were used as conductors so that no other conductive paste or tape was 
needed. Scale bar, 6 cm. e) Heating textile at high and low magnifications. Scale bars are 3 mm 
and 25 mm for the left and right images. f) The fabric had a large heating area of 13 cm X 10 cm 
and showed an increase in saturation temperatures of 38 °C, 48 °C and 60 °C when the voltage is 
increased from 5 V, 7 V to 9 V. g) Thermal image of the heating textile at 9 V wrapped around the 
wrist. Reproduced with permissions.222 Copyright 2017, WILEY‐VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
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Metallic NWs are popular materials for creating PTCS fabrics due to the dual benefit of having 

low sheet resistivity, along with high optical transmittance – making them good candidates for 

transparent PTCS.38,213,219 Hsu et al. demonstrated a combination of aPTCS and pPTCS using 

silver nanowires (AgNWs) dispersion to coat cotton cloth, creating a thermal heating textile which 

blocked radiative heat loss from the body (aPTCS) and provided Joule heating when connected to 

an external electrical source, as shown in Figure 9.38 This was possible due to the AgNWs forming 

a continuous network on the cotton fabric, with a spacing of 200-300 nm that reflected IR radiation 

from the body (9 µm), retained water permeability and flexibility of the fabric, and kept sheet 

resistance low enough that a low driving voltage of 0.9 V could increase body core temperature 

up to 38℃ higher. Additionally, this fabric was shown to have stable electrical behavior even after 

multiple wash cycles, and provided the added advantage of making fabrics anti-microbial.38 Hong 

et al. also created AgNW-based flexible, stretchable, and transparent heater, partially embedded 

in a PDMS matrix.213 This heater could operate even when strained, reaching 50℃ at 40% strain 

at 6.2 V. This was possible due to the AgNWs being partially embedded within the PDMS matrix, 

combined with their high aspect ratios and the stretchability of the matrix. Hence, the composite 

would not lose its electrical connection (and conversely its Joule heating ability) even when 

elongated to 60% strain. Moreover, using laser ablation, Hong et al. were able to create location 

specific Joule heating effects that could be easily controlled without destroying the PDMS 

matrix.213 The advantage of integrating metallic heating components into textiles is that these are 

easily available at a commercial scale and hence can be produced in larger quantities.45 

Additionally, they have robust electrical performance with high conductivity, thereby ensuring 

more efficient heating. 
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Nevertheless, creating efficient interfaces with organic materials, such as textiles, can be 

challenging with metallic NWs due to the differences in mechanical properties between the two.210 

Additionally, there can sometimes be a mismatch between the textures of metallic heaters and the 

fabrics they are combined with, creating a sensation of discomfort to the wearer.43 Hence, using 

carbonaceous materials such as CNTs and graphene to create resistive heating fabrics has proven 

to be advantageous in this regard.222,223 These materials also provide a good combination of 

electrical and mechanical properties, making them viable candidates for aPTCS applications. Li et 

al. developed a thermochromic resistive heater (TRH) composed of aligned CNT sheets applied to 

a prestretched thermochromic silicone strip, which is released to form a rippled strip.211 These 

TRH strips were then woven to form a fabric structure which could indicate the temperature during 

resistive heating with the aid of thermochromic inks, when a voltage of up to 10 V is applied to 

the fabric. In this way, it was possible to create a resistive heater with a visual feedback that could 

make it safer for wearers. The electrical resistance and Joule heating effect was maintained for 

strains up to 100%. Ilanchezhiyan et al. also fabricated wearable and flexible resistive heaters by 

dip-coating cotton fabrics into SWNT solution, taking advantage of the strong van der Waals 

forces between CNTs and cotton fabrics.40 Inspired by the helical and hierarchical structure of 

wool fibers, Liu et al. created stretchable and responsive hierarchical helical CNT fibers (HHF) 

from CNT ribbons for application as woven heating textiles, as shown in Figure 9.222 Due to this 

structure, the helical voids within the HHF, they were able to provide passive thermal insulation 

along with active Joule heating, going up to 135°C at 5V applied voltage. The HHF could then be 

woven into a fabric with copper wire and cotton thread as warp yarns and CNT fiber with cotton 

thread as weft yarns. Thus, by combining traditional textile design with Joule heating principle, 



 

 

36 

Liu et al. were able to create a PTCS that was capable of both passive and active temperature 

control.  

 

While carbonaceous materials are integrated readily into textiles, they still suffer from problems 

of having a percolation dependent conductivity, being incompatible with human skin, showing 

cracks and buckling within the textile structure, being compatible with only certain types of textile 

substrates, and in some cases needing complex processing methods.223–225 In contrast, conductive 

polymers can provide lightweight and conformal coating of pre-existing textile materials to 

transform already manufactured garments into Joule heating devices.225–228 Additionally, 

conductive polymers such as polypyrrole, polyaniline, and poly (3,4-ethylenedioxythiophene): 

poly(styrene sulfonate) (PEDOT:PSS) are compatible with various techniques such as dip-

coating,229,230 in-situ polymerization,231,232 and vapor deposition techniques such as CVD,233,234 

with the ability to apply them on both synthetic and natural textile materials.216,235–237 One of the 

most well-studied materials for coating textiles to create electrically conductive structures is 

PEDOT due to the fact that it forms a stable suspension in water when combined with PSS – 

making it solution processable, its lack of cytotoxicity, and the ease with which its conductivity 

and electrical behavior can be modulated using dopants.225,232 Zhang et al. vapor coated PEDOT 

onto fourteen different fabrics: five cotton fabrics with varying weave densities, two silk fabrics, 

three linen fabrics, one wool gauze, one bamboo rayon fabric, and two bast fiber fabrics 

demonstrating the effectiveness of vapor coating methods to create a variety of textile 

electrodes.236 Opwis et al. deposited PEDOT: p-toluenesulfonic acid (PEDOT:PTSA) on polyester 

fleece fabric using a one-step in-situ polymerization technique.227 By optimizing their coating 

technique for the time, amount of material used, and temperature of polymerization they were able 
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to obtain a high add-on of PEDOT:PTSA in a single step onto polyester fleece. Correspondingly, 

they were able to obtain uniform temperatures as high as 170 °C at 24 V applied voltage, with a 

surface resistance of 11.6 Ω/□. While they observed relatively stable electrical performance when 

the coated fabric was rubbed, exposed to light, and stored over 10 days of storage in varying 

relative humidity levels, there was an increase in surface resistance when the fabric was stretched 

by 20%.227 Yeon et al. coated PEDOT:PSS onto cotton and polyurethane fabrics using a 

combination of blending and dip-coating, resulting in sheet resistances of 24 and 48 Ω/□ for cotton 

and polyurethane fabrics, respectively.43 The resistance depended on the amount of material coated 

onto the fabrics, as well as the hydrophilicity, style of weave and porosity of the fabrics. These 

factors influence the amount of material that the fabric can absorb during coating. With the cotton 

fabric they were able to obtain a heating performance of 99.6 °C at an applied voltage of 12 V. 

Additionally, these fabrics demonstrated heating performance of 46 °C even when strained higher 

than 100%. However, creating uniform and conformal coatings with this dip-coating and blending 

method can be difficult depending on the type of fabric structure, making it difficult to obtain 

consistent performance over a range of fabric types. Moraes et al. plasma treated nylon fabrics to 

make them conducive to glycerol doped PEDOT:PSS deposition, which demonstrated a lower 

resistivity than dip-coated fabrics.225 However, these fabrics had non-uniform coatings and 

corresponding heating performances, reaching a temperature of 64 °C at 12 V applied voltage, 

with certain sections of the fabric going up to 80 °C. Hence, while conductive polymers are 

promising materials for Joule heating fabrics, it is important that the coating is uniform, not so 

thick that it hampers the flexibility of the fabric itself, and the process is controllable such that 

consistent heating performance can be obtained without hotspots.  
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While Joule heating fabrics have the potential to be used in a variety of applications where either 

the performance of pPTCS has to be enhanced, or in harsh, cold environments where insulation 

can be cumbersome and inadequate, they are still limited by the fact that they only provide a single 

mode of temperature control – heating. Being able to combine heating and cooling into one fabric 

is very attractive for wearers and can reduce the number of garments required for humans, thereby 

lowering textile waste and combating the ill-effects of fast fashion. The next section explores how 

TE cooling could be a potential solution to this problem. 

 

2.4.2 Thermoelectric Temperature Regulation 

Since the discovery of the Seebeck effect (conversion of heat into electrical energy) in 1822 by 

Thomas Seebeck and Peltier effect (conversion of electrical energy into cooling/temperature 

gradient) by Jean Peltier in 1834, TE devices have been sought as solutions to make refrigerators 

and power generators obsolete.238,239 The appeal to TE devices has persisted due to their potential 

to deliver solid state cooling or power generation without any moving parts, toxic emissions, or 

loud sound during operation.240,241 Additionally, more than 90% of the energy we use is generated 

by thermal processes, and conversely, heat energy is the primary form in which we waste energy.242 

Hence, implementing TE devices for thermal comfort and power generation can be an eco-friendly 

solution to meet global energy demands.243,244 To realize effective TE performance, researchers 

focus on two key areas: (i) improving the performance of TE materials,24,241,245–248 and (ii) rational 

TE device design for performance optimization.249–252 The dimensionless figure of merit (ZT) is 

used to express the performance of TE materials, and is expressed as 𝑍𝑇 = 	𝑆!𝜎𝑇 𝜅⁄  where S, σ, 

T, and κ are the Seebeck coefficient, electrical conductivity, total thermal conductivity, and the 

absolute temperature, respectively.243,253,254 To improve the performance of TE materials either the 
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power factor (PF = S2σ) of the material has to be increased or the thermal conductivity has to be 

decreased using various methods such as doping, nanostructural engineering, or by developing 

new materials.241,255–257 A number of excellent reviews exploring the recent developments in TE 

materials and devices have also been published.241,242,253,258–263  

 

2.4.2.1 Principles of TE Materials and Devices 

The energy and entropy transportation in TE devices is caused by the motion of charges in TE 

materials. Consider the case of the Peltier effect, where current flowing through a pair of n-type 

and p-type materials connected in series causes a cooling at the junction, as shown in Figure 10. 

In this case, the electrons in the n-type material and holes in the p-type material carry heat away 

from the metal-semiconductor junction. A material is referred to as a hole (or electron) transporter 

when its ionization energy (or electron affinity) closely matches the Fermi level of the electrode 

material that is used to inject charges into the material.264 Conversely, if a temperature gradient is 

maintained between the two ends of the n-p junction, electrons and holes diffuse to the cold side 

due to their higher thermal energy, thereby creating a potential difference – known as the Seebeck 

effect.265  
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Figure 10: Principals of TE devices.266 (a) When flows through a TE junction, it can either heat 
or cool the junction depending on the direction of the current, known as the Peltier effect. (b) When 
an external thermal gradient is applied to the junction, electrical current is generated through the 
Seebeck effect. (c) Commercial TE generators consist of many n and p TE legs connected to form 
TE junctions electrically in series and thermally in parallel to enable higher power output and 
spread heat flow over a larger area. Reproduced with permissions.266 Copyright The Author and 
2008, American Association for the Advancement of Science. 

 

As stated previously, ZT governs the performance of TE materials, and in order to achieve high 

ZT, TE materials should have high σ, high S, and low κ. The thermal conductivity, κ = κl + κe, 

takes into account contributions from both lattice vibrations (lattice thermal conductivity, κl which 

characterizes the transport of thermal energy carried by phonons in the form of lattice vibrations) 

and electronic thermal conductivity (κe = LσT, where L is the Lorenz number in the Wiedemann-

Franz law).241 In highly doped semiconductors, S can be expressed using the Pisarenko relation:258 
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where kB, h, n, and m* are the Boltzmann constant, the Planck constant, charge carrier 

concentration, and the density of states (DOS) effective mass, respectively.263 

 

 

Figure 11: Interdependence of various TE parameters that influence ZT of the material, illustrating 
the challenge of optimizing ZT.261 Data of actual semiconducting single walled carbon nanotube 
(SWCNT) networks, from Ref [259]. Reproduced with permissions.261 Copyright 2018 WILEY‐
VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 
Hence, while the task to optimize the performance of TE materials can simplistically be expressed 

as an optimization of ZT, it is important to note that the three factors, S, σ, and κ are intricately 

interlinked and are “mutually counterindicated”, as indicated in Figure 11.258,267 This mutual 

counterindication can be seen in the ZT equation when it is rewritten with σ = neµ, where n is the 

charge carrier concentration, e is its charge and µ is its mobility. Then, ZT can be expressed as: 

𝑍𝑇 = +!,
-
𝑇 = (𝑆!𝑛) 0.

-
1 𝑒𝑇⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺⸺ (2) 

 
where the ratio (µ/κ) is counterindicated since defects and impurities that effect charge mobility 

also effect thermal conductivity and the product (S2n) is counterindicated because higher charge 

carrier concentration can lead to lower thermopower, as indicated by the Pisarenko relation in 

Equation 1.258 Hence, to enhance the performance of TE materials, strategies involve reducing, 
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specifically, κl by using strategies such as strengthening the phonon scattering of materials through 

various nano-microstructural methods, or using for TE materials that have specific lattice 

vibrational modes that result in intrinsically low κl values.241 The other strategy is to enhance PF 

by developing new classes of materials,268–271 optimizing existing materials via doping and band 

engineering,272–275 and developing nanostructured materials with favorable TE properties.276–279 In 

the case of semiconductors, generally TE power and electrically conductivity change in opposite 

directions with doping – attributed to the charge-transport theory, and hence a compromise has to 

be achieved between the two.253  

 

2.4.2.2 Flexible Thermoelectric Materials 

For integration into textiles, one of the most obvious requirements is for flexible TE (FTE) 

materials and devices. Being able to create conformal FTE devices enables better contact with the 

human body both for body heat harvesting to generate power and to impart TE temperature 

regulation via cooling or heating.263 Additionally, bulk semiconductors pose certain limitations in 

terms of TE performance: the only way to reduce κ without affecting S or σ in bulk materials is by 

using semiconductors of high atomic weight such as Bi2Te3 and its alloys with Pb, Sn, and Sb.280 

This in turn makes these materials very expensive and their processing quite complex. Hence, thin 

film TE materials can be more easily processed and be tailored for higher ZT than bulk materials. 

A variety of materials have been explored for creating FTEs, and these can be classified into three 

types: (1) inorganic thin film TEs,281–284 (2) organic-inorganic hybrid FTEs,285–287 and (3) organic 

FTEs – which themselves can be classified into two categories: (i) small molecules or oligomers 

which are processed using vacuum techniques, and (ii) polymers which are processed using wet 
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chemistry.248,264,288,289 Subsequent sections will explore the application of these materials in textile 

form factors as wearable TE devices.  

 

2.4.2.2.1 Inorganic Thin Film Thermoelectric Materials 

A film is considered thin as long as its surface properties are different from its bulk behavior, 

extending from a few micrometers to nanometer.290 Thin films devices are usually prepared via 

deposition techniques that can be classified into either physical vapor deposition (PVD) or 

chemical vapor deposition (CVD). Compared to bulk alloyed materials used in state-of-the-art 

devices such as p-type BixSb2-xTe3-ySey (x ≈ 0.5, y ≈ 0.12) and n-type Bi2(SeyTe1-y), thin film TE 

materials (thickness less than 10 nm)291 offer the advantage of being able to achieve higher ZT 

values using techniques such as quantum-confinement effects to obtain enhanced density of states 

near the Fermi energy,291,292 creating superlattice (SL) structures with low κl values,284,293 and 

creating heterostructures.294,295 To understand the advantage that thin film TEs provide over their 

bulk alloyed counterparts more clearly, take the example of thin films of Bi2Te3: its crystal 

structure’s unit cell consists of five covalently bonded monoatomic sheets along the c-axis 

arranged in the sequences —Te(1)—Bi—Te(2)—Bi—Te(1), where (1) and (2) indicate the different 

bonding states of the anions, as shown in Figure 12.296 Te(1) and Bi are bonded via covalent and 

ionic bonds, whereas Te(2) and Bi are bonded purely by covalent bonds. Between neighboring 

Te(1) layers there exists a very weak van der Waals attraction. The anisotropic TE properties of 

thin films such as Bi2Te3 are attributed to the fact that their lattice constant along the c axis is 

approximately 7 times larger than that along the a and b axes.296 Hence, Bi2Te3 thin films have 

electrical conductivity ~ 3 times higher in the ab plane compared to the c axis, and κl value ~2 

times higher in the ab plane (1.5 W/mK) compared to the c axis (0.7 W/mK).296  
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Figure 12: Crystal structure of Bi2Te3.296 Reproduced with permissions.296 Copyright 2019, 
Springer Nature Switzerland AG. 

 
 
Various materials have been explored for use as thin film TE materials, including those based on 

Bi-Te,281,282,297–299 Zn,283,300–302 Cu,303–306 and cobalt oxide307–310 based thin films.  Inorganic thin 

films are usually applied onto various flexible substrates using either physical vapor deposition 

methods such as reactive sputtering,305,311–313 thermal coevaporation297,314,315 and magnetron 

sputtering,316–318 atomic layer deposition (ALD),319 printing,35,301 spin coating,320 and chemical 

bath deposition methods.321–324 For integration into textiles, such inorganic materials are usually 

deposited onto flexible, organic substrates to allow flexibility and wearability. Such wearable TE 

devices are usually for energy harvesting applications in the form of the Seebeck effect.319 

However, some of these substrates are unable to withstand high temperatures required for 

processing the inorganic TE materials, and hence free-standing thin films have also been explored. 

Free-standing inorganic TE thin films can be fabricated via nanostructure tailoring that involves 

using randomly oriented nanolaminated grains and void spaces as a substrate for the thin film, 
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creating flexible inorganic TE thin films that can be removed from the substrate to form free-

standing films.325 Another method of creating free-standing thin films is by using CNTs as 

scaffolds to guide the deposition and growth of layered Bi2Te3 thin films that can form a hybrid 

free-standing structure.326  

 

 

Figure 13: Woven-yarn TE fabrics.327 a–f) Illustration (a–c) and photographs (d–f) of zigzag, 
garter, and plain‐weave TE textiles, respectively. Scale bar = 2 mm. g–i) The output power per 
textile area and per TE couple as a function of applied thermal gradient (ΔT) for zigzag, garter, 
and plain‐weave TE textiles, respectively. Reproduced with permissions.327 Copyright 2016, 2016 
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 
Integration of thin film TE into textiles has been primarily focused on creating small-scale energy 

harvesting devices that can power other on-body wearable devices by harvesting the body heat via 
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the Seebeck effect.319,327 Lee et al. fabricated thermoelectric yarns with n and p-type Bi2Te3 and 

Sb2Te3 coated onto aligned electrospun polyacrylonitrile (PAN) yarns using magnetron sputtering 

to produce a sheath-core structure with the semiconductor materials as sheath and PAN as core.327 

Three different fabric designs – plain woven, zigzag stitched and garter stitched – were used to 

convert an applied thermal gradient to electrical power, harvesting heat through the thickness of 

the fabric rather than in the plane of the fabric, as shown in Figure 13. Additionally, fiberglass 

yarn coated with polytetrafluoroethylene (PTFE) was used as an insulating spacer yarn within 

these structures. Lee et al. observed that the plain woven yarn with alternating n and p-type TE 

segments within the same yarn provided a much higher output power (0.62 W/m2) than those made 

my knitting individual n and p-type yarns together (0.11 and 0.24 W/m2 for zigzag and garter 

stitched fabrics).327 While this is a good use of the inherent structure of textiles to create a TE 

generator that can harvest power through its thickness, it is important to note that the high amount 

of power can only be harvested at thermal gradients (ΔT) greater than 50 oC.327 Such high thermal 

gradients between the skin and the surroundings are seldom encountered, since average 

temperature of the skin ranges from range is between 33.5 – 37.5 oC, and the normal habitable 

environment temperature ranges from 5-40 °C, thereby providing a maximum ΔT of ~30 K,328 

beyond which humans can experience significant thermal discomfort.329–331 Other 

implementations of coating inorganic TE materials onto textiles for TE energy harvesting have 

also been explored by Kim et al. who screen printed Sb2Te3 and Bi2Te3 pellets on a bendable glass 

textile and subsequently integrated this structure into flexible rubber sheets,332 Yadav et al. who 

deposited Ni-Ag thin films onto silica fiber by thermal evaporation,333 Shin et al. who screen 

printed Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3 inks onto glass fabrics,334 and Liang et al. who dip coated 

nanocrystalline PbTe onto glass fibers.335 In all these cases, it is apparent that the substrates used 
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(glass, rubber and silica) may be flexible or in a “fiber/fabric” form factor but aren’t truly suitable 

for use as wearable devices due to the inherent discomfort caused by such materials. Lu et al. 

deposited nanostructured n-type Bi2Te3 (Seebeck coefficient 36.8 µV/K) and p-type Sb2Te3 

(Seebeck coefficient 110.8 µV/K) onto commercially available silk fabric to form ~300 µm thick 

TE columns for use as human body heat harvesters.328 They measured the performance of their 

device in the ΔT range of 5 to 35 K, reporting an output power ranging from ~ 2-18 nW. While 

this technique did use a textile substrate, the overall TE performance of the device was quite low 

due to the use of liquid adhesive binder, as well as the contact resistance between the two sides of 

the fabric where the n and p-type materials are deposited.328 

 

While research in TECs is scant compared to TEGs, the interest in achieving TE heating and 

cooling for human thermal comfort has been growing in recent years.   Moreover, there is only a 

limited amount of temperature gradient that the human body can provide for TEGs, and coupled 

with their low ZT in many cases, TEGs are only capable of producing a few microwatts or 

nanowatts of power.339 Lee et al. and Park et al. have demonstrated FTECs using inorganic, rigid 

Bi-Te p and n-type modules arranged in a mat-like fashion connected with wires and containing a 

flexible heat sink composed of solid-state silica gel mixed with hydrogel.337–339 These devices were 

able to cool the skin by a temperature drop of 3.8 K with a cooling power of 30 mW cm-2,339 with 

an improvement to 4.4 K and cooling power of 33.5 mW cm-2 and cooling power of 5.4 K and 

48.3 mW cm-2 when the contact resistances in the devices were reduced by using flexible printed 

circuit boards (FPCB)338 and liquid metal electrodes,338 respectively. Kishore et al. also developed 

high performance wearable coolers which were able to cool the skin by a temperature drop of 8.2 

°C below room temperature, as shown in Figure 14 a-f.336 They achieved this by using 
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commercially available n and p-type Bi-Te materials to fabricate a rigid TEC module with an 

aluminium heat sink. In all these instances, it is apparent that current research on TECs involves 

the use of rigid semiconductor materials. This can cause an obvious mismatch between the softness 

of the skin and the rigidity of the TEC, creating discomfort for the wearer. Hong et al. demonstrated 

a flexible TEC without the use of rigid or bulky heat sinks by sandwiching inorganic TE pillars 

between two layers of stretchable elastomers embedded with AlN microparticles that enhanced the 

sheets’ lateral thermal conductivity, as shown in Figure 14 g-l.34 This design creates a large air 

gap between the elastomer sheets, resulting in small thermal conductance between the hot and cold 

side of the TEC. In this way, they were able to ensure that the heat pumped from the cold side of 

the device and the expectant Joule heating in the device would dissipate into the air rather than 

back towards the skin. Additionally, the AlN embedded elastomer sheets ensured that the heat 

would spread uniformly throughout the sheets, enabling better heat dissipation. In this way, Hoang 

et al. were able to create a TEC with a long-lasting cooling effect of >8 hours and a large active 

cooling effect > 10 °C.34  
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Figure 14: Wearable TEC for localized cooling.336 a-d) TEC modules fabricated with commercial 
p- and n-type Bi-Te with a) high fill factor (FF = 36%, aspect ratio, AR = 1.0), b) low FF (FF = 
12%, AR = 1.0), c) ultra-low FF (FF = 5.2%, AR = 1.6), and d) commercial TEC module (FF = 
28.4%, AR = 1.0). The black heat sink is anodized aluminum. e), f) Show transient temperature 
data from cooling the human body and in controlled environments, for the various TECs. The 
optimal currents are 1 A for high FF TEC (blue), 2.4 A for low FF TEC (black), and 2 A for ultra-
low FF TEC (red). Ultra-low FF TEC generates the lowest cold side temperature and has the 
highest cooling. Reproduced with permissions.336 Copyright 2019, Creative Commons Attribution 
4.0 International License (CC-BY-4.0). Flexible TED for on-body cooling.34 g) Wearable TE 
device (TED) integrated into a vest and arm band. h) TED consists of alloy pillars connected with 
flexible copper electrodes and silicone sheets. i) A 5 cm X 5 cm fabricated TED. j) TED design 
with low thermal conduction inside and high thermal conduction within the silicone sheets enables 
cooling without the use of a heat sink. Tair = ambient temperature, hair = heat transfer coefficient 
between TED and air, Th = temperature at the top of TED, GTED = thermal conductance of TED, 
Tc = Tskin= temperature at the bottom of TED, Qskin = human metabolic heat. k) Thermal regulation 
by TED under natural convection shows that the surface temperature of the silicone layer remained 
26 °C in temperature range of 19 °C – 33 °C. l) With forced convection of 5 km h-1 the ambient 
temperature range broadens to 15 °C – 36°C. Reproduced with permissions.34 Copyright 2019, 
Creative Commons Attribution NonCommercial License 4.0 (CC-BY-NC). 
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However, in all these instances, it is apparent that efficient TECs could only be fabricated using 

inorganic TE materials. It is not necessary that a material suitable for TEGs can be easily translated 

into a Peltier cooler. In the latter case, the TEC must be able to efficiently dissipate the waste heat 

generated from the cold side pumping heat away from the skin. Additionally, it must overcome 

both parasitic heating due to heat conduction from the hot side, as well as resistive heating within 

the device. Hence, the device and material requirements for a TEC are much different from a TEG. 

While currently TECs are using rigid materials, there is great potential in development of new 

materials for both TECs and heat sinks that can create more efficient cooling.  

 

While inorganic thin film TE materials are capable of producing high ZT with low κl, their 

applications are limited mainly due to the low abundance of tellurium, which is one of the rarest 

elements in the Earth’s crust.319 Additionally, the interface formed between inflexible inorganic 

TE films and flexible fabrics are likely to be weak and cause for discomfort in next-to-skin 

applications. The addition of higher amount of TE material for better heating/cooling performance 

would also result in added bulk to the fabric, and hence other materials more conducive for 

wearable applications have also been explored.  

 

2.4.2.2.2 Organic Thermoelectric Materials 

Organic TEs (OTEs) provide considerable advantages over inorganic TE materials due to their 

inexpensive and scalable processing methods unlike inorganic materials which need complex 

vacuum processing methods, have the potential for heavy metal pollution, and have low 

abundances.262 The lightweight and flexible nature of OTEs enables better integration into textiles; 

inorganic thin film semiconductors usually end up being brittle and bulky.289,340 OTEs also 
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generally have thermal conductivity below 1 W/mK and have tunable molecular chemistry through 

doping that can enhance their TE performance, however they are sometimes limited by their low 

power factors (PF = S2σ), with their PF being 2-3 orders of magnitude lower than those of inorganic 

TE materials.340–342 Enhancement of OTE performance is focused more on optimizing their PFs 

rather than optimizing their thermal conductivity, unlike inorganic TEs where the focus is on 

reducing the thermal conductivity.  

 

 

Figure 15: (a) Polymeric semiconductors have π-conjugated cores that enable charge transport 
and side chains that can impart solution processability, charge carrier creation, and molecular 
assembly. (b) Ionization energy (HOMO) and electron affinity (LUMO) of polymeric 
semiconductors can be tuned via their molecular design. (c) Molecular structures of high-
performance p and n-type OTEs. Adapted from Russ et al.262 copyright 2016, The Authors. 

 



 

 

52 

OTEs can be further classified broadly into two categories: (i) small molecules or oligomers which 

are usually processed in vacuum, and (ii) polymers which are usually processed by wet chemical 

techniques.264 In OTE polymers, the interaction between the polymer unit cells leads to the 

formation of electron bands; the highest occupied electronic level consists of the valence band 

(VB) (also approximated as highest occupied molecular orbital or HOMO or oxidation potential) 

and the lowest unoccupied level consists of the conduction band (CB) (also approximated as lowest 

unoccupied molecular orbital  or LUMO or reduction potential), as shown in Figure 15.343 The 

width between the VB and CB is known as the forbidden band or energy bandgap (Eg) whose value 

ranges between 1-3 eV for OTE materials.262,344 Due to this relatively wide bandgap, many organic 

semiconductors need to be doped to increase their electrical conductivity. Doping is used in OTEs 

to either generate mobile carriers by donating electrons to the LUMO state (n-type doping) or 

remove electrons from the HOMO state (p-type doping). However, n-type doping is more difficult 

to achieve in OTEs because the HOMO level of the dopant has to be energetically above the 

LUMO level of the polymer being doped, making such materials unstable when exposed to 

oxygen.345 Moreover, the electrical conductivity of these materials is affected both by introduction 

of carriers and their structural order ranging from the molecular scale to the macroscale.344  

 

The majority of OTE materials are based on conductive polymers which include conjugated and 

some coordination polymers. The electronic structure of the π conjugated polymers originates from 

the sp2pz hybridized wavefunctions of the carbon atoms in the repeat units of the polymer, leading 

to one unpaired electron per carbon atom; this creates an electron delocalization that enables charge 

mobility along the polymer backbone chain, as shown in Figure 15.341,346 Conjugated polymer 

repeat units in the backbone consist of both covalent σ bonds and delocalized alternating π-bonds, 
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with the conjugated repeat units strongly electronically coupled along the backbone of the 

polymer, but weakly coupled between stacked chains of the polymer.347,348 Since the discovery of 

doped polyacetylene in the late 1970s,349 conjugated polymers such as polyactelyenes,350,351 

polypyrroles,352,353 polyanilines (PANI),354,355 polthiophenes,356,357 polycarbazoles,358,359 and their 

derivatives have been widely used for various TE applications.360 In terms of textile applications, 

the state of the art OTE is poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivative 

poly(styrenesulfonic) (PSS) acid-doped PEDOT (PEDOT:PSS) with a ZT of 0.42,216,342,361–365 with 

composites of polyaniline (PANI)366–368 also being explored. While PEDOT:PSS has better TE 

properties compared to PANI due to the former’s bipolaron network compared to PANI’s polaron 

network,340 it is still limited by the fact that it forms brittle films on textile substrates which cannot 

withstand the various stresses and strains textiles experience.  

 

Most reported OTEs are intrinsically p-type because the electron affinity of organic polymers is 

usually low, and hence n-type behavior is difficult to obtain without doping.340 Reported n-type 

OTEs include fullerenes,369,370 organometallic derivatives,288,371 and other small molecules.372,373 

However, fullerenes and organometallic derivatives are not solution processable which severely 

limits their usability in textile applications; small molecules such as poly{N,N′‐bis(2‐octyl‐

dodecyl)‐1,4,5,8‐napthalenedicarboximide‐2,6‐diyl]‐alt‐5,5′‐(2,2′-bithiophene)} (P(NDIOD‐

T2)373 have complex fabrication processes, low TE performance and cannot be used at a large 

scale.322 To combat some of these issues, Shi et al. developed three solution-processible n-type 

polymers: benzodifurandione-based poly(p-phenylene vinylene) (BDPPV), chlorine-BDPPV 

(ClBDPPV) and fluorine-BDPPV (FBDPPV) which showed high electrical conductivities of up to 

14 S/cm and power factors up to 28 µW/mK2 when mixed with the n-type dopant ((4-(1,3-
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dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine) (N-DMBI).374 N-DMBI is 

often used as a dopant for n-type organic semiconductors such as [6,6]-phenyl C61 butyric acid 

methyl ester (PCBM)375 and P(NDIOD-T2)373 due to its good chemical and air stability and 

efficient doping properties. More recently, Serrano-Claumarchirant et al. demonstrated n-type 

behavior for the first time in PEDOT thin films by treating it with cationic surfactant 

dodecyltrimethylammonium bromide (DTAB), reaching a maximum value of ~ -21 µV/K, with a 

3 order of magnitude decrease in electrical conductivity compared to p-type PEDOT films.376 This 

decrease in electrical conductivity is clearly undesirable for TE performance. 

 

 

Figure 16: Polymer TEG for human body heat harvesting.342 a) Fabrication process for textile 
integrated TEG: 1. Burning holes through the knitted fabric, 2. Filling the holes by stencil printing 
p‐ (red) and n‐type (blue) materials on both sides of the fabric, 3. Silver interconnects (light blue) 
are printed onto a heat transfer membrane (light gray) on both sides of the device, 4. Heat pressing 
interconnects onto both sides of the device using the heat transfer membrane. b) Wearable TEG 
integrated into knitted fabric consisting of 32 p‐ and n‐type legs. Reproduced with permissions.342 
Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.  
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Other developments in solution processible n-type OTEs include metal-coordination compounds, 

specifically metal‐dithiolene coordination polymers, consisting of bridging ethenetetrathiolate 

ligands and nickel metal centers (nickel ethenetetrathiolate, NiETT) (poly[Na(NiETT)]) have 

resulted in higher performing n-type OTEs with electrical conductivity of 44 S/cm and power 

factor of 20 µW/mK2.377,378 Elmoughni et al. demonstrated a textile-integrated TE generator 

consisting of both p and n-type organic semiconductors: PEDOT:PSS and poly[Na(NiETT)] 

respectively, stencil printed onto a knitted polyester fabric, as shown in Figure 16.342 The unique 

deposition of the n and p-type legs in a hexagonal closed-packed layout helped achieve higher fill 

factor (~91%), allowing for higher power density due to lower interconnect resistances.379 At ΔT 

= 3K, such a device consisting of 32-legs and 864-legs was able to provide a maximum open circuit 

voltage of 3mV and 47 mV. While this is an innovative application of fractal design to enhance 

the density of the TE legs, the device performance was still limited by the fact that OTEs have low 

power factors compared to their inorganic and hybrid counterparts and provide imperfect contacts 

between the organic p and n-type legs and the inorganic interconnects used to connect them in a 

TE device.342 For this reason, organic composites consisting of polymeric semiconductors 

combined with nanomaterials such as CNTs,380–383 graphene,384–387 and reduced graphene oxide 

(rGO)388,389 have also been explored to create OTEs with enhanced n and p-type performance.  

 

Graphene consists of a two dimensional (2D) sheet of covalently bonded carbon atoms, forming 

the basis for both 3D graphite and 1D CNTs.390 Due to its unique electrical,391,392 mechanical,390 

thermal393 and optical properties,394 graphene is has been studied extensively for various flexible 

electronics applications.395–398 Although its high thermal conductivity makes it more applicable for 

passive cooling rather than TE applications,399,400 researchers have predicted that the TE 
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performance of graphene can be improved by patterning it into quasi 1D graphene nanoribbons 

(GNRs) which have lower thermal conductivity than graphene.401–403 GNRs can be viewed as 

unrolled CNTs, with widths as low as a few nanometers.404 Zheng et al. found that at such small 

scales, the quantum confinement effect enables an increase in ZT with decreasing ribbon width, 

and by optimizing the doping level a room temperature ZT of 0.6 could theoretically be 

obtained,405 Ouyang and Guo found through theoretical modeling that the thermopower of GNRs 

(in the order of mV/K) is much larger than that of graphene (< 100 µV/K) due to the existence of 

a band gap in semiconducting GNR compared to gapless 2D graphene.403 Other theoretical 

methods proposed to reduce thermal conductivity of GNR without compromising its electrical 

performance include edge disorders,406 edge passivation,407 doping with carbon isotopes,408 

mechanical straining,409 superlattice structures,410 nanoporous GNRs and defect engineering,411,412 

and Antidot lattices.413 However, GNRs are microscopic applications of TE graphene materials, 

and hence composites of conducting polymers and graphene are better suited for macroscopic 

applications, like those in textiles.  

 

In terms of film-based applications of graphene and rGO for TE devices, researchers report a 

significant enhancement in the TE performance of intrinsically conducting polymers when 

combined with graphene or rGO.385,386,414,414–423 Park et al. prepared a hybrid 

PEDOT:PSS/graphene film using rapid thermal chemical vapor deposition (RTCVD) of graphene 

followed by spin coating of PEDOT:PSS to create TE films with conductivity of 1090 S/cm and 

power factor of 57.9 µW/mK2 attributing the enhancement of TE properties to the π-π stacking 

interaction between graphene and PEDOT:PSS,424 Xiong et al. made films of PEDOT:PSS and 

graphene nanocomposites, reaching a maximum electrical conductivity of 1250 S/cm (1 wt.% 
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graphene) and optimized power factor of 38.6 µW/mK2 (3 wt.% graphene),425 Xu et al. proposed 

three different methods – spin-coating and liquid layer polymerization, spin coating and vapor 

phase polymerization, and in-situ polymerization and then ethylene glycol post-treatment - to make 

PEDOT/rGO nanocomposites, all of which showed enhanced the TE performance of neat PEDOT 

with a maximum power factor of 14.2 µW/mK2,423 Han et al. grew polypyrrole coatings on both 

sides of rGO nanosheets via template-directed in situ polymerization to create rGO/PPy 

composites with power factor up to 3.01 µW/mK2.422 However, these nanocomposites were only 

used to demonstrate film-type applications which are flexible but not necessarily in any textile 

form factor, thereby limiting their wearability.385,415,417 For example, Zhang et al. used to roll-to-

roll printing of PEDOT:PSS and nitrogen-doped graphene inks to continuously create large-area 

TE devices for energy harvesting on a plasma-treated plastic film,415 whereas Xiang and Drzal 

folded the PANI-graphene nanocomposite film (termed as graphene/PANI paper) into an 

accordion design to create a flexible TE device,385 however they do not demonstrate any practical 

wearability akin to a woven, knitted or nonwoven fabric design. Nevertheless, this is still important 

research in being able to understand which materials should be further investigated for textile 

based TE applications due to their enhanced PF and electrical conductivity.  

 

Ma et al. studied the TE properties of macroscopic graphene fibers and the dependence of their 

thermal conductivity, electrical conductivity and Seebeck coefficient on temperature.426 They 

noted that the thermal conductivity increases and then decreases, electrical conductivity increases, 

and Seebeck coefficient changes from positive (hole dominant) to negative (electron dominant) as 

temperature goes from 80 to 290 K.426 They were further able to enhance the power factor and 

figure of merit to of the graphene fibers to 624 µW/mK2 and 2.76 X 10-3 respectively, using 
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bromine doping which improves phonon scattering by introducing defects, thereby decreasing the 

thermal conductivity.427 Electrical conductivity and Seebeck coefficient both increased due to the 

lowering of Fermi levels; electrons drained towards the highly electronegative Br sites, increasing 

the density of holes at the top of the valence band resulting in a positive Seebeck coefficient and 

increased electrical conductivity.427 This research is promising since the graphene fibers have good 

TE properties at low temperatures, enabling their applicability in room-temperature applications 

and their fiber form enables more seamless integration into textiles. However, the fiber fabrication 

method requires high temperature annealing (2800 °C) with the need for vacuum processing and 

materials such liquid bromine and liquid nitrogen427 which can prove to be time-consuming and 

expensive. 

 

CNTs are attractive TE materials due to their remarkable electronic and atomic properties, 

enabling the nanotube to be either semiconducting or metallic, depending on the chirality indices 

(n, m) of the nanotubes and their diameter.428,429 Chirality indices for SWCNTs can be understood 

as the roll-up vector of the graphene sheet from which it is made, as shown in Figure 17.261 Of all 

possible (n, m) combinations of nanotubes, about two thirds are predicted to be semiconducting.430  
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Figure 17: Part of a graphene sheet with chiral indices (n,m) corresponding to the SWCNT formed 
by rolling the sheet from (0,0) to (n,m) along the highlighted roll‐up vector to form a cylinder.261 
Rolling up along the shaded blue area (indicated as roll-up vector) forms a (9, 4) SWCNT cylinder. 
White hexagons correspond to chiral indices that form semiconducting SWCNTs, gray hexagons 
to chiral indices that form metallic SWCNTs, and green hexagons to chiral indices that form 
semiconducting SWCNTs present in a typical batch of commercial sodium 
dodecylbenzenesulfonate (SDBS) dispersed SWCNTs produced by the high-pressure carbon 
monoxide (HiPCO) process. Reproduced with permission.261 Copyright 2018, WILEY‐VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

 
 
Undoped semiconducting CNTs can be thought of as being adventitiously doped by atmospheric 

oxygen, and hence behave as p-type semiconductors, with Seebeck coefficients measured in the 

range of 24 – 100 µV/K431,432 and electrical conductivities ranging from 35 – 3200 S/cm432,433 for 

such O2 doped SWCNTs. CNTs also present certain advantages when it comes to doping them to 

form n-type TE materials when compared to conducting polymers: they are porous and have high 

surface areas (in case of SWCNTs) which can result in more accessible sites for redox molecules 
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to adsorb to, the CNT network can be immersed in various dopant-containing solutions without 

causing a change in the morphology of the CNTs themselves, and finally the surface of CNTs is 

sensitive enough to redox moieties that no covalent bonds are needed to be formed to create large 

changes in carrier density – just the phenomenon of physisorption is able to achieve efficient 

doping.261 Hence, CNTs provide a facile manner of creating TE materials without complex 

processing steps as observed in other organic TE materials. However, even with these advantages, 

it has proved to be difficult to achieve air-stable n-type doping in CNTs, since the electron density 

decreases rapidly due to O2 and H2O adsorption.433 Nevertheless, different amine and phosphine-

based dopants have been studied for n-type doping of CNTs, as demonstrated by Nooguchi et al. 

who demonstrated eighteen different dopants that enabled air stable n-type doping of SWCNT 

films.434 Commonly used polymers for easily creating solution processable and air-stable n-type 

CNTs include PEI,435–437 PVP,438,439 PVA,440 poly(vinylidene fluoride) (PVDF),441 PEG,442 and 

poly(3-hexylthiophene) (P3HT).443 It is important to note that the use of large band-gap insulating 

polymers such as PEI to create n-type doped CNTs should not be seen as charge injection but 

rather as surface modification that creates an intrinsic molecular dipole moment and a charge 

transfer interaction with the CNT surface, thereby leading to a decrease in work function and hence 

n-type behavior.444  

 

For integration into textiles, CNT based materials have been used for energy harvesting combined 

with other polymers to form composites,435,436,438,441,445,446 including intrinsically conductive 

polymers such as PANI366 and PEDOT:PSS248,437 for enhanced TE performance.  At the fiber/yarn 

level, Ryan et al. developed a TE generator composed of commercial PET sewing yarns coated 

with multiwalled carbon nanotubes (MWCNTs)/PVP (n-type) and PEDOT:PSS dyed silk yarns 
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(p-type).438 Their n-type yarns had a conductivity of 1 S/cm and Seebeck coefficient of -14 µV/K. 

Using 38 n/p yarns, they were able to produce an open-circuit voltage of 143 mV when exposed 

to a temperature gradient of 116 °C.438 Zheng et al. developed MWCNT yarns coated with 

PEDOT:PSS (p-type) and PEI (n-type) to form three-dimensional TE textiles (TETs) for out-of-

plane TE power generation.437 The PEDOT:PSS/CNT composite yarn had an average Seebeck 

coefficient of 70.1 µV/K, electrical conductivity of 1043.5 S/cm and power factor of 512.8 

µW/mK2, whereas the PEI/CNT yarn had an average Seebeck coefficient of -68.7 µV/K, electrical 

conductivity of 1408.3 S/cm and power factor of 667.8 µW/mK2.437 Zheng et al. reported that the 

work function of the PEI/CNTs (~ 4.15 eV) is smaller than that of the pristine CNTs (~ 4.36 eV) 

even though they have similar band gaps. This was attributed to the dipole moments arising from 

both the ethylamine molecule from PEI as well as the ethylamine/CNT interface dipole as the PEI 

is physisorbed onto the outer layers of the MWCNTs.444 These yarns were then knitted into a 3D 

fabric with a spacer in between, creating the TET with a maximum power output of 51.5 mW/m2 

at an applied temperature gradient of 47.5 K.437 At the fabric level, Yu et al used vacuum filtration 

to deposit SWCNTs of p-type and n-type (doped with PEI, NaBH4 and a combination of the two) 

onto a PTFE membrane to obtain maximum PFs of 12.1 µW/mK2 (S = 22 µV/K, σ ~ 2.5 X 104 

S/m) and 32.49 µW/mK2 (S = -57 µV/K, σ ~ 1 X 104 S/m) for the pristine p-type SWCNT and 

PEI-doped n-type SWCNT membranes, respectively.435 Kim et al. also used a similar materials 

system consisting of SWCNTs deposited onto PTFE and doped with PEI and/or NaBH4 for n-type 

performance and reported PFs of 103.5 µW/mK2 (S = - 97 µV/K, σ = 1.1 X 104 S/m) for p-type 

pristine SWCNT membranes and 38 µW/mK2 (S = - 86 µV/K, σ = 5200 S/m) for n-type PEI + 

NaBH4 doped membranes.436 While these works refer to PTFE membranes as fabrics, such 

membrane-type materials are not suitable for use as fabrics in their traditional applications for 
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wearable systems.441,447 A crucial limitation of some of these works are that they measure the 

transport properties of such films in two different directions i.e. the Seebeck coefficient and 

electrical conductivities are measured in the plane of the film, whereas the thermal conductivities 

are measured out of plane or in some cases thermal conductivities are not reported at all.436,438,441,445 

This does not provide a true representation of the ZT of the TE materials, crucial for determining 

overall performance. While Zhou et al.255 and Zheng et al.437 have used the self-heating 3ω method 

to estimate the thermal conductivity of their n and p-type CNT legs, they large values (18 for n-

type SWCNT/PEI film and 24 W/mK for p-type SWCNT film,255 and 35 W/mK for p and n-type 

MWCNT and MWCNT/PEI yarns,437 respectively) which depresses their ZT further. Accurately 

measuring the transport properties of CNTs can be challenging, and their high thermal 

conductivities can be a problem when it comes to TE applications despite their large PFs. 

 

While CNTs are promising, they still possess high thermal conductivities, and hence this can 

reduce their ZT performance. A new approach to realizing TE materials is by integrating organic 

and inorganic materials together to create composites where the synergistic effects of their 

constituents can create materials with much higher ZTs. The next section will explore these 

materials. 

 

2.4.2.2.3 Organic-Inorganic Hybrid Thermoelectric Materials 

Organic-inorganic hybrid TE materials (OInTEs) present the opportunity to take advantage of both 

the low thermal conductivities of TE polymers and the high ZTs of inorganic TE materials to 

obtain OInTEs with maximized ZTs.448 Additionally, TE materials like Bi2Te3 suffer from the lack 

of flexibility and hence combining them with TE polymers can enable flexible TE devices.449 
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Moreover, by combining organic and inorganic materials, interesting interfacial transport 

properties arise in the resultant hybrid TE material, resulting in energy filtering and phonon 

scattering at the nanoscale, thereby providing an enhanced ZT.450 The most commonly used ICPs 

include PANI, PEDOT (and PEDOT:PSS) and polythiophene (PTH),451 which are used to create 

OInTEs such as PANI mixed with various metals and their oxides including Bi,452 NaFe4P12,453 

V2O5,454 Bi2Te3 and its alloys455–457 and PbTe,458 PEDOT with Te nanorods,459 Ca3Co4O9,460 Au 

nanoparticles461 and Bi2Te3,462,463 and PTH with Bi2Te3.464,465 Since PANI is stable and has a high 

electrical conductivity, it can be combined easily with inorganic TE materials mainly via physical 

mixing of dry powders of PANI and inorganic materials such as Bi0.5Sb1.5Te3,457 solution 

mixing,466 in situ oxidative polymerization to insert PANI in V2O5.nH2O to form a xerogel,454 and 

in situ interfacial polymerization to form PbTe-PANI composite nanostructures.458 While PEDOT 

itself is not particularly soluble and hence limited in terms of solution processability, when 

emulsified with PSS to form PEDOT:PSS it has been combined with inorganic materials using in 

situ synthesis combined with drop casting,467 solution mixing of PEDOT:PSS with Bi2Te3 

particles,462 and direct hybridization with Au nanoparticles.468 Although PTH has low solubility 

and electrical conductivity, Du et al. used a two-step process of preparing Bi2Te3 and PTH using 

hydrothermal synthesis and oxidative polymerization respectively and then pressing them together 

to form a TE film.465 While most of these studies report on composite films, Karttunen et al. 

demonstrated TE fabrics made via atomic and molecular layer deposition (ALD and MLD) of ZnO 

and ZnO-C6H4-OZn (ZnO-organic) superlattice materials onto cotton fabric.319 These were 

advantageous since they could be fabricated directly onto the textile substrate, and showed power 

factors ranging from 7.4 to 137 W/cmK2.  
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While integration of inorganic and organic TE materials to produce hybrid materials with high 

ZTs is a promising avenue, it still faces many challenges. Many of the fabrication methods require 

high temperatures, long processing times and high cost of processing. Moreover, the challenge of 

combining rigid inorganic small molecules efficiently with polymers is a challenge.340 

Nevertheless, with the fabrication of nanowire-based OInTEs, there may be some applicability in 

the future for such materials into textile fiber-like form factors.469  

 

2.5 Conclusions 

This review provides a broad overview of the passive and active systems that have been deployed 

onto textiles to provide next-to-skin thermal comfort. While thermal comfort is a complex 

phenomenon with a variety of interpretations,8 it is safe to say that textiles have been used since 

prehistoric times to provide protection from the elements,470 and hence are an excellent platform 

to deploy the next generation of smart and comfortable textile-based PTCS. The future of PTCS 

also lies in the field of integration of actuators into textile fabrics.76,471 Such responsive materials 

that can allow a change in porosity/breathability of the fabric will enable faster evaporative and 

radiative cooling of the body and can be seen as either active or passive systems, depending on the 

type of actuator used.8 This review also provides an overview of the various materials and devices 

that have been used to integrate TE elements into textiles – whether in the form of TEGs or TECs. 

While there is a lot of research in the integration of TEGs into textiles, the field of fabric based 

TECs is still emerging. This translated into a good opportunity for the integration of TECs at the 

fiber or yarn level to create a more seamless thermal comfort experience. However, TECs also 

suffer from the limitation of needing heat sinks or some method of waste heat management which 

may not always be the easiest to deploy, as well as low efficiency of organic TE materials that 
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limits how much cooling can be achieved. Developing a PTCS seamlessly integrated into textiles 

that does not need wearer intervention and can provide on-demand heating and cooling is the holy 

grail of research scientists working on textiles and comfort. From the review, TECs are one avenue 

of achieving this and there is a tremendous opportunity in the development of flexible, 

conformable and high ZT TE materials, as well as integration of these into fabric geometries such 

that they do not sacrifice the inherent strength, flexibility and comfort associate with textile fabrics.  

More broadly, there is also an opportunity to create PTCS integrated with moisture/temperature 

sensors that can result in a holistic monitoring and response system. This would result in a truly 

“smart” textile that can provide on-demand next-to-skin thermal comfort using data from sensors, 

without the need for human intervention.8  
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3. PART 2 DISSERTATION RESEARCH: ON-BODY COOLING USING YARN-BASED 

THERMOELECTRICS FOR SEAMLESS INTEGRATION INTO TEXTILES 

 

 

Figure 18: The concept of fabric integrated thermoelectric cooling (FabTEC) that enables next to 
skin heating and cooling in both indoor/outdoor and warm/cold conditions, 
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3.1 Introduction 

Cooling devices account for nearly 20% of the total electricity consumed in buildings around the 

world, projected to increase from 2020 terawatt hours in 2016 to 6200 terawatt hours in 2050.2 

One way to combat this is by expanding the setpoint of air conditioners and heaters using personal 

cooling devices such as a TE cooler (TEC).55 A TEC is a semiconducting, solid-state heat pump 

operating on the Peltier effect that transfers heat from one side of the device to the other.472 TE 

coolers/heaters provide the advantage of highly reliable cooling/heating with no mechanical 

moving parts, compact in size and light in weight, and no working fluid.473 Additionally, they have 

the advantage of being powered by DC electric sources. Localized thermoregulation by wearable 

TE cooling devices have the capability to decrease the usage of traditional systems, thereby 

reducing global reliance on space heating and cooling and providing savings on energy costs.336 

Integration of TECs for on-body cooling using textiles can provide customizable thermoregulation. 

Textiles provide an accessible platform for the deployment of TEC devices due to the conformal 

and intimate contact they make with the body. Additionally, the hierarchical nature of fabrics as 

they progress from fiber to yarn to fabric allows the integration of TEC modules directly into the 

woven structure, thereby creating a more seamless fabric based TEC device.437,438 

 

When it comes to integration of TE elements into textiles, research has focused more heavily on 

power generation from human body heat (via TE generators or TEGs), rather than TE cooling 

(TEC). TEGs have been implemented into textiles using various materials and substrates such as 

PEDOT:PSS/MWCNT/PU composite dip coated onto polyester and cotton yarns,474,475 

PEDOT:PSS dip coated onto commercially available polyester fabric,476 PANI/SWCNT 

composite ultrasonically inducted onto a polyester fabric,366 electrospun polyacrylonitrile fibers 
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coated with n-type and p-type Bi2Te3 and Sb2Te3 and spun into yarns,327 spun CNT yarn 

alternatively doped with polyethyleneimine (PEI) and FeCl3 solutions for n and p-type 

performance respectively,446 graphite-PEDOT:PSS composite dip coated onto polyester fabric,477 

MWCNT/PVDF composite films deposited onto felt fabrics,441 SWCNT inks doped with poly 

(acrylic acid) (PAA) and PEI for p and n-type performance, respectively and coated onto a flexible 

bracelet,478 electrospun TE fibers composed MWCNT/CuO/PVP composite,479 and glass fabric 

printed with n-type Bi2Te3 and p-type Sb2Te3 printing pastes.332  

 

 

Figure 19: Three-dimensional thermoelectric textiles (TET) for power generation.437 (a) 
Schematic diagram of the TET with PEDOT:PSS/MWCNT yarns as p-type and PEI/MWCNT 
yarns as n-type legs and optical image showing the vertical arrangement of legs. (b) A TET sample 
measuring 8 cm X 9.3 cm. Reproduced with permissions.437 Copyright 2020, The Royal Society 
of Chemistry.  Woven yarn TE fabric with n‐ and p‐type semiconductor sheaths (Bi2Te3 and 
Sb2Te3, respectively) coated onto nanofibers and then twisted into flexible yarns.327 (c)-(e) 
Illustrations of TE textiles made via zigzag, garter and plain weave structures, respectively. 
Reproduced with permissions.327 Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, 
Weinheim. 
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These fiber-based research works in some cases do not translate the coated fibers into conventional 

2D fabrics,474 while others coat commercial fabrics directly which does not provide a seamless 

integration.366 While Zheng et al. demonstrated MWCNT-based TE yarns used to make a 3D warp-

knitted spacer fabric shaped TEG,437 and Lee et al. demonstrated Sb2Te3 and Bi2Te3 coated 

electrospun PAN yarns used to make woven TEGs,327 these are still examples of energy harvesting 

and not TEC, although they do provide inspiration for integration of TE elements into woven 

textile structures, as shown in Figure 19. Additionally, these works do not explore how specific 

fabric parameters such as weave angle, aspect ratio of the TE yarn/fibers, spacing between the 

fabric TEC modules, and density of modules over the fabric area affect the performance of TE 

fabric. Finally, all these works focus not on TEC but rather on energy harvesting from the thermal 

difference between the human body and the environment (a gradient which maxes out at 

approximately 30 K).328  

 

Lee et al. and Park et al. have demonstrated fabric TECs using inorganic, rigid Bi-Te p and n-type 

modules arranged in a mat-like fashion connected with wires and containing a flexible heat sink 

composed of solid-state silica gel mixed with hydrogel.337–339 These devices were able to cool the 

skin by a temperature drop of 3.8 K,339 with an improvement to 5.4 K.338 Kishore et al. also 

developed high performance wearable coolers which were able to cool the skin by a temperature 

drop of 8.2 °C below room temperature by using commercially available n and p-type Bi-Te 

materials to fabricate a rigid TEC module with an aluminium heat sink.336 In all these instances, it 

is apparent that current research on TECs involves the use of rigid semiconductor materials. This 

can cause an obvious mismatch between the softness of the skin and the rigidity of the TEC, 

creating discomfort for the wearer. Hong et al. demonstrated a flexible TEC without the use of 
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rigid or bulky heat sinks by sandwiching inorganic TE pillars between two layers of stretchable 

elastomers embedded with AlN microparticles that enhanced the sheets’ lateral thermal 

conductivity.34 This design creates a large air gap between the elastomer sheets, resulting in small 

thermal conductance between the hot and cold side of the TEC, but does not resemble a textile 

fabric in any manner, rather like an assembly of rigid materials within a flexible substrate.   

 

There remains a tremendous opportunity to develop a fabric-integrated, soft and flexible, on-body, 

seamless Peltier heating/cooling device, termed as FabTEC (Fabric TEC) comprised of TE yarns 

of n and p-type semiconducting behavior. Such a practical system, with a detailed analysis of the 

fabric structure combined with well-characterized soft TE elements, has not yet been reported. A 

systematic understanding of exactly which fabric architecture should be used to obtain the 

maximum cooling without sacrificing the inherent nature of textiles i.e., comfort, flexibility and 

strength is needed. Even a 1 ℃ expansion of the thermostat set point of air conditioners used in 

the buildings in the US can result in a 7 – 15% increase in energy savings,3 and hence TECs do 

not have to provide excessive amounts of heating/cooling at this stage. Additionally, humans can 

perceive temperature changes of 0.02 – 0.07 °C of cooling, and 0.03 – 0.09 °C of warming 

pulses.480 The rate of temperature change is also important, with humans capable of detecting 

temperature changes if they happen more rapidly such as at 0.1 °C/s compared to 0.5 

°C/minute.480,481  Hence, lower efficiency TE materials can still be used for this purpose. It is 

important to note that the ZT of a TE material, alone, is not enough to describe some of the 

qualitative requirements from materials that are to be used for fabric-based cooling – other 

characteristics of importance are room temperature and solution processability, stability of 
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performance over time, flexibility and conformability, scalability and low cost. These qualities are 

not captured in ZT but are crucial to the creation of the next generation of TECs.  

 

With the growing need for thermal comfort and added global temperature rise due to climate 

change,2,482 it is important to intervene at a disruptive level to be able to bring about real change 

to the imminent global energy crisis that growing populations, rising incomes and greater built 

environments will have in the coming years. On-body thermal comfort systems can be that change, 

and thermoelectric elements integrated at the constituent level of textile fabrics are a novel 

approach of achieving this. 

 

The objective of this research is to demonstrate a soft textile-based wearable thermoelectric (TE) 

fabric (FabTEC) that provides transformative levels of on-body heating and cooling, thermal 

comfort and aesthetics, as illustrated in Figure 18. This is achieved by developing nearly 

unobtrusive TE devices based on a carbon nanotube (CNT) ribbon yarn network with 

complimentary thermal management (TM) yarns integrated into a woven structure, combined with 

strategically programmed disconnects to ensure a congruous current path. 

 

There are several key advances that are achieved in this research, with alternating positive and 

negative Seebeck coefficient TE yarns produced from air stable, solution and room temperature 

processable, cost effective and scalable multiwalled CNTs (MWCNT) that do not need a substrate, 

integration of these yarns into a woven fabric configuration, and optimization of the design by 

integrating woven yarn geometry with TE theory. This allows for a high density, flexible and 

conformable TEC module, which has not yet been reported elsewhere. The fabric module also 
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involves the study of thermal management through the weave design of the TM yarns, proposing 

a design that allows for better separation of hot and cold sides of the FabTEC device. The in-plane 

TE transport characteristics including thermal conductivity, electrical conductivity and Seebeck 

coefficient of the materials are thoroughly characterized to report a more accurate material power 

factor and figure of merit (ZT) and are detailed in Section 3.2. Geometric and theoretical modeling 

are combined to optimize the FabTEC structure and gain a clear understanding of the performance 

capabilities of such a device and are detailed in Section 3.3. While current textile-based TE devices 

focuses almost exclusively on TE generators (TEGs) to harvest body heat,327,361,366,437,446,474–477 this 

device takes advantage of the Peltier effect to deliver both heating and cooling, enabling next-to-

skin thermal comfort.  

 

This research work is divided into the style of two research papers that explore the three goals of 

this project: (i) material selection and characterization in Section 3.2, (ii) integration of materials 

into a thermoelectric junction in Section 3.3, and (iii) theoretical modeling to optimize the 

performance of the FabTEC in Section 3.3.  

Section 3.2 has been published in ACS Applied Energy Materials under the title “In-plane 

Thermoelectric Properties of Flexible and Room Temperature Processable Doped Carbon 

Nanotube Films”.47 

 

Section 5 is in the process of submission to Materials Today, under the title “Design and Evaluation 

of a Woven Thermoelectric Heating/Cooling Fabric for On-Body Thermal Comfort”. 
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3.2 In-Plane Thermoelectric Properties of Flexible and Room Temperature Doped Carbon 

Nanotube Films 

 
3.2.1 Introduction 

Thermoelectric (TE) energy conversion is a highly reliable method of solid state energy harvesting 

and thermoregulation, without the use of moving parts or bulky fluids.238,240,243 Flexible TE 

generators (FTEGs) are especially attractive for powering the next generation of wearable devices 

by harvesting the thermal gradient between the human body and the environment, via the Seebeck 

effect.328,332,333,483,484 This has prompted a substantial amount of research both in the design of 

FTEG devices 255,437,485–489 as well as the materials used to make them.248,288,490–493,421,423,371 The 

performance of thermoelectric materials can be quantified by their figure of merit (ZT) = S2σ/κ 

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity 

and T is the absolute temperature, and by their power factor (PF) = S2σ.494 Since there is a strong 

correlation between S, σ and κ it is a challenging task to enhance the PF of TE materials without 

sacrificing their ZT.258 State of the art bulk TE materials include alloys based on Bi-Te-Sb-Pb 

which have high ZT (>1) 495–498 but are heavy, brittle, expensive, and contain toxic elements such 

as tellurium and lead.261,262 Moreover, to create efficient TE devices for energy harvesting or 

thermoregulation, ZT is not the only important criterion – room temperature and solution 

processable doping, air stability, scalable synthesis, low cost, and efficient near-ambient 

temperature performance are all crucial parameters to create truly wearable and flexible TE 

devices.246  
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In terms of use as FabTECs, a number of different materials were explored in this study, and their 

viability in terms of their PFs, mechanical flexibility, and ease of processing were evaluated. 

Specifically, we explored the materials shown in Table 1.  

 

Table 1: Seebeck coefficients, electrical conductivities and resultant power factors of flexible 
thermoelectric materials explored for FabTEC 

Material Type 

Seebeck 

Coefficient (µV/K) 

Electrical 

Conductivity (S/m) 

Power Factor 

(µW/mK2) 

SWCNT on PTFE 

membrane 

p-type 98.4 ± 0.011 140.4 ± 0.04 1.36 

SWCNT/PEI on 

PTFE membrane 

n-type 92.5 ± 0.025 78.1 ± 0.07 0.67 

PEDOT:PSS + 

5% DMSO 

p-type 19.2 ± 0.030 35000 ± 0.05 12.5 

MWCNT film p-type 56 ± 0.002 107977.61± 0.01 340.94 

MWCNT film + 

5% PEI 

n-type 54.29 ± 0.004 134238.78 ± 30036.18 395.59 

 

From Table 1 it is apparent that MWCNT films performed much better than the other candidate 

materials in terms of TE PFs, thereby justifying their selection as materials to incorporate into the 

FabTEC design. 

 

CNTs are a promising class of TE materials due to their flexibility and strength,499 high electrical 

conductivities,500 low density (~ 1 g/cm3 compared to 7.86 g/cm3 for popular TE material 
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Bi2Te3),248 and their oxygen sensitivity which makes them behave as p-type semiconductors in 

ambient conditions.431 Moreover, their high surface area provides for facile physisorption of 

electron rich polymers to create n-type CNT materials.261,435,493,501–505 Previous studies have 

reported TE properties of CNT films, such as for single walled CNTs (SWCNTs), Yu et al. 

reported p-type single walled CNTs (SWCNTs) doped with an intrinsically conducting polymer 

poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) to achieve PF of ~ 160 

µW/mK2 (σ = 1.35 X 105 S/cm, S = 40 µV/K) and reported the cross-plane (through the thickness) 

κ as 0.2 – 0.4 W/mK,248 and Zhou et al. reported p-type pristine SWCNT and n-type SWCNT 

doped with polyethyleneimine (PEI) with PFs of 1840 µW/mK2 (σ = 3.02 X 105 S/m, S = 87 µV/K) 

and 1500 µW/mK2 (σ = 1.78 X 105 S/m, S = - 82 µV/K) and in-plane κ of the p-type and n-type 

films as 24 and 18 W/mK, respectively.255 Similarly for MWCNTs, Meng et al. reported p-type 

MWCNTs combined with the ICP polyaniline (PANI) with a maximum PF of 5.04 µW/mK2  (σ = 

4441 S/m, S = 33 µV/K) and cross-plane κ = 0.45 W/mK,494 Wang et al. reported p-type MWCNT 

combined with the ICP polythiophene (PTh) with a PF of 2.29 µW/mK2  (σ = 2982 S/m, S = 27.7 

µV/K) and cross-plane κ = 0.6 W/mK,506 and Zheng et al. reported p-type MWCNT/PEDOT:PSS 

yarns and n-type MWCNT/PEI yarns with PF of 512.8 µW/mK2 (σ = 1.04 X 105 S/m, S = 70.1 

µV/K) and 667.8 µW/mK2 (σ = 1.41 X 105 S/m, S = - 68.7 µV/K), respectively with in-plane κ of 

35 W/mK for both p-type and n-type yarns.437 It is important to note that in many of these works, 

S and σ are measured in-plane whereas κ is measured in the cross-plane direction. While certain 

works have demonstrated in-plane measurement of κ,507,508 it is not commonly reported due to the 

complex methods required for measuring in-plane κ accurately with a reasonably low uncertainty 

(<15%). This discrepancy in measurement of ZT can result in inaccuracies and is disadvantageous 

in FTEG applications where in-plane thermal and electrical transport are observed. While Zheng 



 

 

76 

et al. have measured the in-plane κ, it is quite high and negatively impacts their ZT.437 Zhou et al. 

have reported comparatively lower values of κ255 but SWCNTs are comparatively more expensive, 

can suffer problems of purity, and are obtained in small scales, putting them at a disadvantage 

when compared to MWCNTs. In comparison to the purity of 77% for the SWCNT films used by 

Zhou et al.,255,500 the MWCNT films in this work have a purity of 87.7%.509 Additionally, both 

Zheng and Zhou have utilized the self-heating methods for measuring thermal conductivity which 

require complex photolithography techniques and materials processing,255,437 whereas pump-probe 

optical spectroscopy techniques such as time-domain thermoreflectance (TDTR) can provide a fast 

and non-contact method for the estimation of in-plane 𝜅.510.  

 

In this work, we characterize the TE properties of pristine p-type MWCNT and n-type 

MWCNT/PEI composite films with high PFs (~ 340 and ~ 520 µW/mK2, respectively) and 

comparatively low values of in-plane κ (~ 5.5 and ~ 8.1 W/m/K, respectively). We report ZT values 

of 0.019 and 0.015 for the p-type and n-type MWCNT films, respectively, considering the in-plane 

TE properties for S, σ and κ of these materials, that are crucial for truly accurate characterization 

of their TE performance. These are almost equivalent to the ZT values for n- and p-type SWCNTs 

reported by Zhou et al.,255 but here we have utilized a simple fabrication technique with relatively 

lower cost and easily scalable MWCNTs. Using a two-step, room temperature and solution-based 

doping process, we were able to synthesize air-stable flexible n-type MWCNT/PEI films with high 

PFs. Their TE properties are optimized with regards to the amount of PEI doping, and these 

properties are retained even after weeks of air exposure. Additionally, since the MWCNTs used in 

this work are scalable and low-cost, we can easily make large quantities of these p- and n-type 
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materials. While our PFs are lower than those reported by Zheng et al. for yarns made of similar 

materials, our overall ZT is much higher due to our lower in-plane κ values.  

 

3.2.2 Sample Preparation 

 

 

Figure 20: (a) Simple fabrication of doped PEI-MWCNT film using a PEI-Ethanol solution of 
varying concentrations. SEM images of (b) pristine MWCNT film and (c) 5 wt.% PEI-Ethanol 
treated film shows a deposition of PEI on the surface of the MWCNTs. Scale bars for (b) and (c) 
are 10 µm. 

 
The pristine MWCNT films were generously donated by Prof. Fujun Xu at College of Textiles, 

Donghua University, China obtained from Suzhou Xinyin nanotechnology company and were 

used as received for p-type MWCNT materials. Their preparation and properties are detailed in 

previous publications.509,511 Briefly, floating catalyst chemical vapor deposition (FCCVD) method 

was used to obtain large scale CNT films,509,511 similar to the films used by Zheng et al.437,511 For 

preparation of the n-type films, a measured amount of PEI (molecular weight 600, 99% from Alfa 

Aesar) by weight was added to a fixed amount of ethanol, such that the weight concentrations of 

PEI in ethanol increased from 5 weight% (wt.%), 10 wt.%, 15 wt.% to 20 wt.%, termed as 5-
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MWCNT/PEI, 10-MWCNT/PEI, 15-MWCNT/PEI and 20-MWCNT/PEI, respectively as shown 

in Figure 20(a). Values beyond 20 wt.% were not evaluated due to the excessive tackiness of the 

films when treated with high quantities of PEI, thereby hampering ease of handling and accuracy 

of measurement. The pristine MWCNT films were immersed into the PEI-Ethanol solution and 

left for 60 minutes at room temperature. This was followed by heat treatment of the doped films 

for 2 hours at 120 °C to get rid of the excess ethanol from the films. The thickness of the films was 

measured using a Mitutoyo Absolute Digimatic digital thickness gage (Mitutoyo Corp) and 

reported as 8.4 ± 0.5 µm, 10.2 ± 1.5 µm, 10.7 ± 1.3 µm, 9.9 ± 0.7 µm and 9.1 ± 1.7 µm for the 

pristine MWCNT film, 5-MWCNT/PEI, 10-MWCNT/PEI, 15-MWCNT/PEI and 20-

MWCNT/PEI, respectively, as shown in Figure S32. A Hitachi TM4000 scanning electron 

microscope (SEM) was used to take SE micrographs of sputter coated pristine MWCNT film and 

5-MWCNT/PEI film after sputter coating them with gold and palladium, with the images shown 

in Figure 20(b), (c). 

 

3.2.3 Measurements 

3.2.3.1 Electrical Conductivity 

Electrical conductivity of the films was measured using a custom-built 4-Probe measurement 

system with gold probes of 2 mm probe spacing, with the outer probes applying current and the 

inner probes measuring the voltage. The probes were attached to a Keithley 6221 alternating 

current (AC) and direct current (DC) current source and a Keithley 2182a Nanovoltmeter and 

recording 1000 readings for resistance of three different film of each type (pristine MWCNT film, 

5-MWCNT/PEI, 10-MWCNT/PEI, 15-MWCNT/PEI and 20-MWCNT/PEI). A correction term 
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considering the dimensions and thicknesses of the films was applied and an average of 1000 

readings was reported along with the standard error of mean.  

 

3.2.3.2 Seebeck Coefficient 

The Seebeck coefficient of the films was measured using a homemade benchtop evaluation setup, 

as shown in Figure S30. The setup consisted of a cold side Peltier TE cooler module and heatsink 

assembly and a hot side Peltier TE cooler module without the heat sink (both purchased from 

Adafruit Industries) which were connected to a Keithley 2231A-30-3 triple channel DC power 

supply to maintain a thermal gradient. The MWCNT film was cut in the dimension of 3 cm X 1 

cm and one end was secured on the hot side while the other on the cold side, using MX-4 thermal 

compound (Arctic GmbH) to maintain thermal contact. Once a thermal gradient was applied, the 

temperatures of the hot and cold sides were measured using a Type-K thermocouple attached to a 

Keysight U1272A multimeter with temperature measurement capabilities. Electrically conductive 

tape (3M™ Copper Foil Tape 1181) with electrically conductive, pressure-sensitive acrylic 

adhesive (Digi-Key Electronics) was cut into 2 mm X 2 mm squares and attached to the MWCNT 

film on the hot and cold ends. A multimeter (Keysight U1272A) was used to measure the voltage 

generated at various applied thermal gradients, with the multimeter probes connecting with the 

copper foil tapes to ensure low contact resistance. The resulting voltage was recorded for the 

calculation of the Seebeck coefficient of the MWCNT films. Three different films of each p-type 

pristine MWCNT and n-type 5-MWCNT/PEI, 10-MWCNT/PEI, 15-MWCNT/PEI and 20-

MWCNT/PEI films were characterized three times for each applied temperature gradient and an 

average value with standard error of mean was reported for Seebeck coefficient. The measurement 

of Seebeck coefficient was repeated after 14 days for all samples in the same manner to determine 
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the air stability of doping. PF and ZT were calculated from the measured values of S, σ and in-

plane κ at 300 K. 

 

The TE device which comprised of a single p-n junction was fabricated by laying the p-type 

MWCNT leg on the 5- MWCNT/PEI leg and securing them together using electrically conductive 

tape (3M™ Copper Foil Tape 1181) with electrically conductive, pressure-sensitive acrylic 

adhesive. This formed a triangular shape with the junction at the apex and the ends of the p and n-

legs at the base. Both legs measured 3 cm length X 1 cm width X 8.4 µm thickness. This TE device 

was then secured to the TE measurement setup using thermal compound such that the junction 

rested on the hot side and the ends of the legs were resting on the cold side. A thermal gradient 

was thus created between the junction and the legs, and the resulting open circuit Seebeck voltage 

was measured. For each thermal gradient, three measurements were taken, and this was repeated 

for three different samples.  

 

3.2.3.3 In-plane Thermal Conductivity 

The in-plane thermal conductivity values of the p- and n-type films were measured using TDTR, 

an optical pump probe method commonly used for characterizing thin films.512,513 A mode-locked 

Ti:Sapphire laser emits a train of pulses that are bifurcated into pump and probe beams. The former 

is advanced through a delay stage to change the optical lengths between the two beams which are 

then focused on the sample through a common objective lens. The pump beam acts as a periodic 

heat source (modulated by a square wave), creating a temperature rise that triggers reflectivity 

change which is captured by the probe beam at the modulation frequency. The temporal decay of 

the measured signals is used to deduce κ with a heat diffusion model.514,515 In principle, the thermal 
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model used for analyzing the TDTR experiment consists of seven parameters: thickness, 

volumetric heat capacity and κ of the transducer (in this case aluminum (Al)) film, diameter of the 

laser spot, thermal conductance of the Al/MWCNT interface, and κ and volumetric heat capacity 

of the MWCNT sample. Of these, κ of the MWCNT film and interfacial thermal conductance are 

varied to fit the data.516,517 Other experimental and modelling details are similar to the one 

described in previous works.515,518 This method has been used to measure various porous thin films 

and network structures.519–524 

 

In-plane thermal conductivity measurement of MWCNT films using TDTR requires additional 

sample preparation steps. The films are first embedded into an epoxy matrix to form a composite 

which is then cut to expose the cross-sectional surface of the film using diamond blade 

ultramicrotome. Typically, a root mean square (RMS) roughness of <15 nm in areas larger than 

the laser spot size is sufficient to avoid artifacts created by thermoelastic effects that modulate the 

intensity of diffuse light scattering in the measurement. This was achieved by ultramicrotome in 

these samples. Similar procedure is applied in our previous works for PEDOT:PSS525 and 

CPE/SWNT520 films. The cutting is followed by sputtering about 80 nm of Al transducer over the 

film surface, the same as in a conventional TDTR sample preparation. The samples were then 

oriented so that the direction of the incident laser beam is parallel to the original plane of the film. 

When embedding the composite film in epoxy, most of the sample preparation steps were at room 

temperature, therefore it is safe to assume that any reaction between the epoxy and film would be 

limited around the interface between the composite film and epoxy, but as measurement is done 

close to center of the sample, this possible effect can then be neglected. 
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Charge-coupled device (CCD) image of the epoxy-film surface with pump beam focused on the 

sample film are taken. The laser beams are modulated at 7.2 MHz and focused using a 20x 

objective on a smooth region over the film, as confirmed by laser reflectance (> 99%). The 

objective lens is selected such that laser beam spot size (2.95 μm) is smaller than the film thickness. 

The laser power is adjusted to keep the steady state temperature rise below 20 K. Finally, the 

experimental temperature decay is fitted to the heat conduction model with κ of the MWCNT film 

and interfacial conductance being the fitting parameters.514,515 

 

3.2.4 Results and Discussion 

With S ≈ 56.19 µV/K and σ ≈ 1.08 X 105 S/m, the PF of the pristine MWCNT film was calculated 

as approximately 340 µW/mK2 (Figure 21), with an in-plane thermal conductivity of 5.5 ± 0.8 

W/mK, resulting in a ZT of approximately 0.019 at 300 K. Hence, this film was used as is, without 

any treatment for the p-type leg. The SEM image of the pristine MWCNT film shows that the CNT 

aggregates into bundles, as seen in Figure 1 (b) and Figure S2 (a), thereby forming multiple contact 

points with each other in Y-shaped junctions. This enhances the electrical conductivity of the 

pristine films. Due to exposure to the electron-withdrawing group O2 which gets physisorbed on 

the MWCNT surface, the pristine film behaves as a p-type semiconductor with holes as the 

predominant charge carriers.431  
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Figure 21: Electrical and thermoelectric properties of undoped MWCNT and n-type doped 
MWCNT/PEI films as PEI-Ethanol concentration increases from 0 wt.% to 20 wt.%. (a) Seebeck 
coefficient of pristine MWCNT film (p-type indicated by o) and doped MWCNT films (n-type 
indicated by ¯). (b) Seebeck coefficients of just n-type doped MWCNT/PEI films (¯), 
representing the area highlighted in the box in (a). (c) Electrical conductivity (�) increases as the 
amount of PEI increases. (d) Overall power factors (r) of the pristine MWCNT and doped 
MWCNT films, with a maximum power factor at 15 wt.% PEI calculated as 521.67 ± 69.33 
µW/mK2.  

 
 
The facile method for creating n-type MWCNT films with the commonly used, amine-abundant 

polymer PEI enabled room temperature and solution processable doping of the pristine MWCNT 

films. The MWCNT surface is coated with the PEI such that the Y-junctions of the pristine film 

are no longer visible, as shown in the SEM image of 5-MWCNT/PEI film in Figure 20(c) and 
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Figure S30 (b), indicating a physical deposition of PEI onto the surface of the MWCNT bundles. 

PEI is known to be a physical modifier rather than a chemical attachment, with physisorption of 

the ethylamine group creating a molecular dipole moment between the PEI and the MWCNT 

surface, thereby reducing its work function.444 Even with a 5 wt.% PEI-ethanol solution we see a 

change in Seebeck coefficient of the MWCNT film, going from positive to negative (+56 µV/K to 

-54 µV/K), indicating that the majority charge carriers have changed from holes to electrons, as 

shown in Figure 21(a). Due to the high electron-donating ability of the amine groups in the 

branched PEI, the MWCNT undergo a hole depletion and hence there is a significant n-type doping 

of the pristine MWCNT film.503  

 

As the concentration of PEI increases, the Seebeck coefficient decreases slightly, as shown in 

Figure 21(b) while the electrical conductivity keeps increasing as the concentration of the PEI-

ethanol solution increases from 5 wt.% to 20 wt.%, see Figure 21(c). This increase in electrical 

conductivity can be attributed to the fact that the number of charge carriers (holes and electrons) 

keep increasing as the amount of PEI increases in the 5 wt.% to 20 wt.% range. Additionally, the 

treatment of the films with ethanol can result in further consolidation of the CNT bundles within 

the film, creating better contacts between the CNTs and enabling enhanced electrical conductivity. 

However, for Seebeck coefficient, there is only an optimized level of PEI that causes the largest 

absolute value of the n-type Seebeck coefficient i.e. 5 wt.% PEI. Beyond that, no increase in 

Seebeck coefficient is observed. This could be attributed to the fact there is a saturation to the 

amount of PEI that can be attached to the MWCNT leading to a stagnation in the n-type Seebeck 

coefficient value, a phenomenon consistently observed in other studies of PEI/CNT systems as 

well.255,493,505,526 Nevertheless, this is advantageous since it indicates that only an intermediate 
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level of doping is required to produce the n-type MWCNT films, with all the doped films showing 

a PF values in the same order of magnitude, as shown in Figure 21(d). Due to the increased 

tackiness of the films as the amount of PEI is increased, we proceeded to use the 5-MWCNT/PEI 

film for thermal conductivity characterization and junction Seebeck coefficient measurement, 

since it uses the least amount of dopant and still has a comparable PF of ~396 µW/mK2, while 

maintaining ease of handling.  

  

An important aspect of ZT for TE materials is the thermal conductivity. While the thermal 

conductivity of individual tubes can be very high, CNT films themselves are expected to have 

lower thermal conductivity due to contact resistance between tubes and their bundles. It is 

important to understand the in-plane thermal conductivity of these films, since a more accurate 

picture of ZT can only be presented when all three transport properties (σ, S and κ) are measured 

in the same direction.  

 

The in-plane thermal conductivity values for both n-type 5-MWCNT/PEI and p-type MWCNT 

samples are calculated from Figure 22(b). The Al thickness is determined from acoustic echoes 

observed during early delay time (<100 ps). Thermal conductivity of Al thin film was calculated 

from the Wiedemann−Franz law based on the measured in-plane electrical conductivity.525 The 

experimental data is fitted between 600-3500 ps to avoid strong thermoelastic effects.520 The 

densities of p-type and n-type MWCNT films were calculated as 0.877 ± 0.013 and 0.937 ± 0.019 

g/cm3, respectively by averaging fifteen mass and thickness readings of precut samples measuring 

7 cm X 7 cm. The specific heat capacity was estimated as 0.287 J/gK for the p-type MWCNT film 

and 0.501 J/gK for the n-type 5-MWCNT/PEI films based on the porosity of the MWCNT film 
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(reported as 80%)511 using a linear mixing rule applied to PEI, air, and MWCNT with reported 

values of specific heat capacities for each of the constituents as 1.25, 1.005 and 0.75, 

respectively.527,528 The thermal conductivity of MWCNT film and interfacial conductance between 

Al and MWCNT film are the fitting parameters in the thermal model, as previously mentioned in 

Section 3.2.3.3. 

 

 

Figure 22: (a) CCD image of pump beam focused (20x, Gaussian beam spot radius = 2.95 μm) 
on microtomed MWCNT sample surface covered with 80 nm Al. (b) Data fitting for in-plane 
thermal conductivity of n-type 5-MWCNT/PEI (red) and p-type MWCNT (blue) calculated from 
the ratio of in-phase signal (Vin) to the out-of-phase signal (Vout). 

 

The in-plane thermal conductivities are determined to be 5.5 ± 0.8 W/m/K for the pristine 

MWCNT film and 8.1 ± 1.2 W/m/K for the 5-MWCNT/PEI film. We repeated our measurements 

at different locations (many locations are sufficiently smooth for measurements as shown in the 

CCD image in Figure 22(a) and found that the thermal conductivity variations at different 

locations are within 10%. The experimental uncertainties and systematic uncertainties were 

combined to provide the total error. The systematic uncertainties of the thermal conductivity 

measurements are calculated by considering the individual uncertainties and sensitivities of the 

parameters in the thermal model.514 These values of κ are lower than that reported in other work 
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potentially due to higher phonon boundary scattering.437 The n-type sample shows a higher κ value 

due to its higher density as conductive polymer matrix replaces relatively more insulating air. 

These values were used to calculate the ZT of the pristine film as 0.019 and that for the 5-

MWCNT/PEI film as 0.015. 

 

We also measured the junction performance of the TE device, when a junction of the pristine 

MWCNT film and n-type 5-MWCNT/PEI film was created, using the same setup as described in 

Section 3.2. The junction Seebeck coefficient was measured to be ~139 µV/K, with an applied 

thermal gradient ranging from 0 to 12 K, as shown in Figure 23(a). Additionally, the air stability 

of the n-type doped films was studied over 28 days, with the 5-MWCNT/PEI film only showing a 

slight decrease (from ~ -54 to ~ -51 µV/K) whereas the 10-MWCNT/PEI, 15-MWCNT/PEI and 

20 MWCNT/PEI showed a greater decrease in their Seebeck coefficients, although still retaining 

their negative Seebeck coefficients, as shown in Figure 23(b).  

 

 

Figure 23: (a) Open circuit Seebeck voltage of a single junction composed of a pristine 
MWCNT film (3 cm length X 1 cm width X 8.4 µm) as p-type leg and 5-MWCNT/PEI (3 cm 
length X 1 cm width X 10 µm) as n-type leg (o), as a function of applied thermal gradient. The 
measured Seebeck coefficient of a single junction is 138.95 ± 2.48 µV/K. (b) Air stability of n-
type doped MWCNT/PEI films over 28 days with 5-MWCNT/PEI (o), 10-MWCNT/PEI (�), 
15-MWCNT/PEI (r), and 20-MWCNT/PEI (s). 
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The decrease in Seebeck coefficient could be attributed to the air oxidation of the MWCNT films, 

although the overall over 28 days decrease is only approximately 12 and 4.7 % in the 10-

MWCNT/PEI and 15-MWCNT/PEI films, respectively. The decrease in Seebeck coefficient is the 

largest over 14 days in the 20-MWCNT/PEI film at approximately 34.5 %. Although it is unclear 

exactly why the 20-MWCNT/PEI shows the most air degradation, one of the reasons could be poor 

attachment of residual PEI once all the attachment sites on MWCNTs have been occupied, leading 

to easier air oxidation and degradation of the n-type behavior, since it is unlikely that PEI has 

permeated through the entire MWCNT film bundle.493 The stability behavior also reinforces our 

preference of the 5-MWCNT/PEI film for forming the p-n junction in Figure 23(a), since it shows 

the least amount of air degradation, attributed to the more effective attachment of PEI due to many 

available surface sites.   

 
3.2.5 Conclusions 

We were able to fabricate n-type MWCNT films with high power factors and low in-plane thermal 

conductivity, using a facile two-step method. The increase in electrical conductivity of the 

MWCNTs as the amount of PEI increased was attributed to the increase in total number of charge 

carriers, whereas the stagnation of Seebeck coefficient beyond a certain amount of PEI indicated 

a saturation in the number of electrons that could be donated for n-type semiconducting 

performance. This is advantageous since even at low levels of PEI doping, the MWCNT film has 

high power factor. The p-type MWCNT film was used as is and hence tedious preparation methods 

could be avoided, resulting in p and n-type flexible, low-cost materials that are solution and room 

temperature doped, and have air stable TE properties. Measurement of in-plane thermal 

conductivity ensured an accurate measurement of the ZT of these materials – reported as 0.019 

and 0.015 for p- and n-type MWCNT films, respectively. This characterization of in-plane TE 
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transport properties are crucial for many FTEG and TE heating/cooling devices. The TE properties 

of the materials explored in this work are summarized in Table S2 and are compared to other 

reported CNT-based TE materials in Figure S33. Such MWCNT materials are promising for their 

application in wearable TE devices where not just high ZTs but flexible form factors with air stable 

processing and properties are crucial. 
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3.3 Design and Evaluation of a Woven Thermoelectric Heating/Cooling Fabric for On-

Body Thermal Comfort 

 

3.3.1 Introduction 

Cooling devices account for nearly 20% of the total electricity consumed in buildings around the 

world, projected to increase from 2020 terawatt hours in 2016 to 6200 terawatt hours in 2050.2 

One way to combat this is by expanding the setpoint of air conditioners and heaters using personal 

cooling devices such as a TE cooler (TEC).55 A TEC is a semiconducting, solid-state heat pump 

operating on the Peltier effect that transfers heat from one side of the device to the other.472 TE 

coolers/heaters provide the advantage of highly reliable cooling/heating with no mechanical 

moving parts, compact in size and light in weight, and no working fluid.473 Localized 

thermoregulation by wearable TE cooling devices have the capability to decrease the usage of 

traditional systems, thereby reducing global reliance on space heating and cooling and providing 

savings on energy costs.336 Integration of TECs for on-body cooling using textiles can provide 

customizable thermoregulation. Textiles provide an accessible platform for the deployment of 

TEC devices due to the conformal and intimate contact they make with the body. Additionally, the 

hierarchical nature of fabrics as they progress from fiber to yarn to fabric allows the integration of 

TEC modules directly into the woven structure, thereby creating a more seamless fabric based 

TEC device.437,438 

 

When it comes to integration of TE elements into textiles, research has focused more heavily on 

power generation from human body heat (via TE generators or TEGs), rather than TE cooling 

(TEC). TEGs have been implemented into textiles using various materials and substrates such as 
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PEDOT:PSS/MWCNT/PU coated polyester and cotton yarns,474,475 PEDOT:PSS coated polyester 

fabric,476 PANI/SWCNT composite inducted onto a polyester fabric,366 electrospun 

polyacrylonitrile fibers coated with Bi2Te3 and Sb2Te3 and spun into yarns,327 spun CNT yarn 

doped with polyethyleneimine (PEI) and FeCl3 solutions,446 graphite-PEDOT:PSS composite 

coated onto polyester fabric,477 MWCNT/PVDF composite films deposited onto felt fabrics,441 

SWCNT inks doped with poly (acrylic acid) (PAA) and PEI coated onto a flexible bracelet,478 

electrospun MWCNT/CuO/PVP TE fibers,479 and glass fabric printed with Bi2Te3 and Sb2Te3.332 

These fiber-based research works in some cases do not translate the coated fibers into conventional 

2D fabrics,474 while others coat commercial fabrics directly which does not provide a seamless 

integration.366 While Zheng et al. used MWCNT-based TE yarns used to make a 3D knitted 

TEG,437 and Lee et al. coated Sb2Te3 and Bi2Te3 on PAN yarns to make woven TEGs,327 these are 

still examples of energy harvesting and not TEC. Lee et al. and Park et al. have demonstrated fabric 

TECs using inorganic, rigid Bi-Te p and n-type modules arranged in a mat-like fashion with a 

flexible heat sink composed of solid-state silica gel mixed with hydrogel.337–339 These devices were 

able to cool the skin by a temperature drop of 3.8 K,339 with an improvement to 5.4 K.338 Kishore 

et al. also developed high performance, rigid TEC modules composed of commercially available 

Bi-Te materials which were able to cool the skin by a temperature drop of 8.2 °C below room 

temperature.336 In all these instances, the use of rigid semiconducting materials creates an obvious 

mismatch between the softness of the skin and the rigidity of the TE cooling device, resulting in 

discomfort for the wearer. Hong et al. demonstrated a flexible TEC without the use of heat sinks 

by sandwiching inorganic TE pillars between two layers of stretchable elastomers that enhanced 

the sheets’ lateral thermal conductivity, achieving a cooling of > 10 °C.34 This does not resemble 
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a textile fabric in any manner, and is rather an assembly of rigid materials within a flexible 

substrate.   

 

In this work, we explore the integration of p- and n-type TE MWCNT films cut into ribbon yarns 

that we have previously reported on,47 into a simple woven fabric configuration with the aim to 

create a TEC fabric (termed as FabTEC) with distinct heating and cooling zones. We measure the 

heating and cooling performance of the FabTEC on a 4 cm X 4 cm wrist-worn device and achieve 

a cooling of 13.3 °C and heating of 3 °C using p-type and n-type thermoelectric MWCNTs as the 

TE legs, and the p-type MWCNT as the interconnect as well. These materials were selected for 

their flexibility, relatively high power factors and low thermal conductivities. The p-type and n-

type MWCNT films have a thermoelectric figure of merit (ZT) of 0.019 at 300 K. While our 

heating and cooling performances aren’t as high as those previously reported,34,336 the design of 

the FabTEC provides an innovative manner of integrating TE elements into a planar woven fabric 

configuration, without sacrificing the flexibility and conformability of textiles. We also performed 

geometric and thermoelectric analysis of the FabTEC design to predict the ideal ZT required for 

various cooling levels, as well as the possible cooling that could be theoretically achieved with the 

addition of more junctions.  

 

3.3.2 Materials and Methods 

 
3.3.2.1 TE Materials Characterization  

The fabrication and characterization of the n-type and p-type MWCNT films have been extensively 

detailed in our previous work,47 and are summarized in Table S2. Briefly, a custom-built setup 

consisting of Peltier cooling and heating devices and a DC power supply were used to provide a 
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thermal gradient to the n- and p-type films, and this gradient was measured using a Type-K thermal 

probe. The n-type film was prepared by doping with polyethyleneimine (PEI) and the doping level 

was optimized to 15 wt.% of PEI, ensuring a high ZT of 0.019. The in-plane thermal conductivities 

were measured using time-domain thermoreflectance (TDTR), and in-plane electrical 

conductivities were measured using a 4-probe electrical conductivity measurement setup, ensuring 

that all three quantities: Seebeck coefficient, electrical conductivity, and thermal conductivity are 

measured in-plane.47 

 

3.3.2.2 Junction Fabrication 

The single and two junction devices were fabricated in a similar manner; the p-type leg and the n-

type leg, both measuring 10 mm X 2 mm with a thickness of 8.4 µm and 9.9 µm, respectively, 

were connected together electrically using a 6 mm X 2 mm p-type leg as interconnect, as shown 

in Figure 24(a). This was done to ensure that there would not be a material mismatch between the 

legs and the interconnect, allowing for better flexibility. Additionally, z-axis tape (3M™ 

Electrically Conductive Adhesive Transfer Tape 9703) measuring 1 mm X 1 mm with electrical 

conductivity in the z-direction was used to connect the p-type interconnect with the p-type and n-

type legs to ensure low contact resistance and good electrical connection. Copper wire was used 

to connect the two ends of the junction to a DC power supply (Keithley 2231A-30-3 triple channel 

DC power supply) and the temperature was measured using a Type-K probe attached to a 

temperature sensor (Keysight U1272A). Thermal paste was used to ensure that the Type-K probe 

accurately measured the temperature of the junction. The heating and cooling performance of the 

junction were achieved by switching the polarity of the device i.e. connecting the p-type leg to the 

positive terminal and n-type leg to the negative terminal of the power supply in heating mode, and 
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vice versa in cooling mode. For the dual junction setup, the p-type leg was connected to the positive 

terminal and n-type leg to the negative terminal, creating a PN and an NP junction, showing heating 

and cooling performances, respectively. Each reading was repeated three times and the average 

and standard deviation are reported in the data.  

 

3.3.2.3 FabTEC Device Fabrication 

The FabTEC woven fabric device (4 cm X 4 cm) was fabricated by cutting transparent 

polyethylene terephthalate (PET) film of 0.13 mm thickness into 2 mm X 60 mm strips that were 

used as support yarns, along with 2 mm X 60 mm strips of p-type MWCNT and n-type MWCNT 

film as the TE yarns, and 2 mm X 60 mm strips of p-type MWCNT film as the interconnect yarn. 

The PET yarns were first woven in a 1-up 1-down plain weave structure, and subsequently the TE 

yarns and interconnect yarns were incorporated into the fabric according to the weave of the 

FabTEC, as shown in Figure 25(a). Six support PET yarns were added in both the warp and the 

weft directions of the fabric to ensure a more stable fabric structure with the TE and interconnect 

yarns terminated in a “W” structure as shown in Figure S34(c) and (d). Appropriate disconnects 

were made by cutting the p-type and n-type yarns as well as the interconnects at the desired 

locations using an X-ACTO® knife, and copper wires were attached to either ends of the FabTEC 

as well as the DC power supply for applying current. The time-current-temperature measurement 

was done by holding each current value for 60 seconds and continuously measuring the 

temperature with the Type-K thermal probe. All measurements were repeated three times and an 

average value along with standard deviation was reported. In all cases of Peltier effect 

measurements, the current applied was kept to a minimal for the FabTEC to ensure that there isn’t 

excessive resistive heating, and that the applied current does not exceed unsafe levels.   
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3.3.3 Theory and Calculation 

To calculate the geometric effects of the woven FabTEC on its thermoelectric performance, we 

study the influence of aspect ratio of the TE yarns and junction density on the cooling density of 

the FabTEC, at various current levels. While many factors can be modeled, we believe these are 

the most important in order to quantify the fabric design. Peirce’s flexible thread model was used 

to calculate the projected area (Ap) of the fabric, as shown in Figure S34 and Section I of 

supplementary information.529,530 This derivation was then combined with the thermoelectric 

equations,336 as discussed in Section II of the supplementary information, to obtain the cooling 

density formula as Equation 1. 

Equation 1: 

𝑪𝒐𝒐𝒍𝒊𝒏𝒈	𝑫𝒆𝒏𝒔𝒊𝒕𝒚 = 	

{𝒏𝜶𝑻𝒄𝑰 −
𝑰𝟐𝑹𝒆𝒍𝒆𝒄'𝑻𝑬𝑪

𝟐
−

(𝑻𝒉5𝑻𝒄)
𝑹𝒕𝒉𝒆𝒓𝒎'𝑻𝑬𝑪

}

[𝟏𝟐[(𝒅𝟏 + 𝒅𝟐) 𝒔𝒊𝒏𝜽 + {𝒍𝟐 − (𝒅𝟏 + 𝒅𝟐)𝜽} 𝒄𝒐𝒔𝜽] 	+	
𝟔[𝒍𝟐 𝒄𝒐𝒔𝜽 + 𝒅𝟐(𝒔𝒊𝒏𝜽 − 𝜽𝒄𝒐𝒔𝜽) +
𝟎. 𝟓(𝒅𝟏 + 𝒅𝟑)(𝒔𝒊𝒏𝜽 − 𝜽𝒄𝒐𝒔𝜽)]]	𝑿

	[𝟏𝟐[(𝒅𝟏 + 𝒅𝟑) 𝒔𝒊𝒏𝜽 + {𝒍𝟏 − (𝒅𝟏 + 𝒅𝟑)𝜽} 𝒄𝒐𝒔𝜽]	
+	𝟔[𝒍𝟏 𝒄𝒐𝒔𝜽 + 𝒅𝟑(𝒔𝒊𝒏𝜽 − 𝜽𝒄𝒐𝒔𝜽)
+𝟎. 𝟓(𝒅𝟏 + 𝒅𝟐)(𝒔𝒊𝒏𝜽 − 𝜽𝒄𝒐𝒔𝜽)]]

T   

Additionally, we consider three cases for junction density (defined as the number of junctions per 

square meter of FabTEC): (i) 1666 junctions/m2, (ii) 6666 junctions/m2, and (iii) 18518 

junctions/m2, as shown in Section IV of supplementary information.  

 

3.3.4 Results and Discussion 

 
3.3.4.1 Single and Two Junction Characterization 

As previously stated, we have reported the TE characterization of our materials has been 

previously reported,47 as well as summarized in Table S2. Following the materials characterization, 

we conducted the temperature characterization of a single and double junction composed of p-type 
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MWCNT, n-type MWCNT and another p-type MWCNT used as the interconnect. We used the p-

type MWCNT as the interconnect itself since it has a high electrical conductivity (~ 105 S/m) and 

can be easily attached to the p-type and n-type MWCNT legs of the junction using the Z-axis 

electrically conductive tape. It also ensures that there isn’t a materials mismatch between the TE 

legs and the interconnect material being used. Figure 24 illustrates the fabrication of the single, as 

shown in Figure 24(a) and Figure 24(b), and two junction planar TE device, as shown in Figure 

24(c). We selected the single and two junction planar devices as a means to characterize the initial 

performance of the TE materials for heating and cooling before we incorporate them into a fabric 

structure.  

 

We used the p-type MWCNT as the interconnect itself since it has high electrical conductivity (~ 

105 S/m) and prevents a mismatch in materials, allowing for a more seamless TE device, especially 

when integrating into fabric. Additionally, we also used Z-axis tape, as shown in Figure 24(a), to 

enable a more conductive and robust connection between the p-type and n-type legs and the 

interconnect. Once connected to the DC power supply, we observe that the single junction device 

achieves a cooling of 20.6 °C at 9 mA current, with room temperature at 21.0 °C, as shown in 

Figure 24(d) resulting in a 0.4 °C cooling thermal gradient, as shown in Figure 24(e). This is not 

a very high cooling gradient, but it does achieve this without the need for any heat sinks. After the 

device achieves its maximum cooling, the temperature starts rising again and continues to rise till 

it goes above room temperature. This is attributed to the effect of resistive heating that exceeds the 

thermoelectric cooling. Since this is just a single junction, the resistive heating rapidly exceeds the 

thermoelectric cooling, and hence the cooling is limited to 0.4 °C. From the voltage-current graph 
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of the single junction, we observed an overall resistance of 80.24 ± 3.75 Ω, which contributes to 

the resistive heating of the device above 12 mA current.  

 

 

Figure 24: Fabrication and characterization of single and double junction MWCNT devices. (a) 
The p-type and n-type MWCNT TE legs are cut into 10 mm X 2 mm strips with 1 mm X 1 mm Z-
axis tape (shown in blue) attached to the ends. The p-type MWCNT interconnect is placed on the 
tape and attached firmly, with the copper wire being used as connectors to the power supply. (b) 
Single junction configuration. (c) Two junction configuration with the legs connected as p-type 
MWCNT, n-type MWCNT and p-type MWCNT, forming a PN and an NP junction. Copper tape 
was used to secure the copper wire to form a more robust connection. (d) Cooling by the single 
junction shown in (b). (e) The average cooling gradient achieved by the single junction in (b) is 
further highlighted to show a cooling of 0.4 °C. (f) Voltage-current graph obtained from the DC 
power supply connected to the single junction shows that the device has an overall resistance of 
80.24 ± 3.75 𝛺. (g) Heating and cooling above and below room temperature, respectively for the 
two junction setup shown in (c). (h) Thermal gradient achieved by the two junction setup shows a 
cooling of 1.1 °C and heating of 3 °C below and above room temperature, respectively. (i) Voltage-
current graph obtained from DC power supply connected to the two junction system in (c) shows 
an overall resistance of 150.52 ± 6.24 𝛺 of the system. 
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To reduce the contact resistance of the device, we use ethanol treatment at the interconnection 

points along with Z-axis tape, enabling a higher degree of cooling in the two junction system. The 

setup of the two junction device is such that there is a PN junction and an NP junction, which when 

connected in series to the DC power supply, create a heating and a cooling junction depending on 

the polarity of the two ends. It achieves a cooling of 19.9 °C, going 1.1 °C below room temperature 

at 7 mA current, as shown in Figure 24(g) and Figure 24(h). In terms of heating performance, due 

to the additive effect of resistive heating the two junction setup goes up to 24 °C, 3°C above room 

temperature. Since the resistive heating keeps increasing with the current, we stop the experiment 

once no more cooling is observed. Due to the ZT of our materials, we are also limited in terms of 

the total cooling that we can achieve, but we expect materials with higher ZT to have a better 

performance. Nevertheless, the 1.1 °C of cooling is significant for a device that does not have any 

bulky heat sinks and does not sacrifice flexibility or require special packaging or processing steps. 

 

3.3.4.2 Fabric TEC Characterization 

Since the materials perform well in terms of cooling and heating, we integrated them into a woven 

fabric configuration, termed as FabTEC (fabric TEC), shown in Figure 25. It is important to 

understand the structure of the FabTEC as shown in Figure 25(a): the plain woven fabric consists 

of warp (up and down) and weft (left to right) direction yarns. The p-type (indicated by orange in 

Figure 25(a) and n-type (indicated by green in Figure 25(b) yarns are in the weft direction whereas 

the interconnect p-type (indicated by yellow in Figure 25(a) is in the warp direction. The grey and 

black yarns in the weft and warp direction, respectively, are treated as support yarns to hold the 

fabric and TE yarns in place. The symmetric placement of physical disconnects (indicated by the 

red crosses in Figure 25(a) ensures that the path of the electric current is in a ladder-like manner 
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(indicated by blue arrows in Figure 25(a), going from the p-type yarn, through the interconnect, 

to the next n-type yarn. The placement of the interconnect is such that one junction is laying on 

the top surface of the fabric (away from the skin) and the next junction is laying on the bottom 

surface of the fabric (towards the skin). In this manner, the heating junction will be facing 

outwards, whereas the cooling junction is in contact with the skin, to ensure that the waste heat is 

released to the environment and not towards the skin.  

 

 

Figure 25: (a) Overall proposed FabTEC design with the grey and black yarns as the support 
yarns, yellow yarns as the interconnect, and the green and orange yarns as n-type and p-type yarns, 
respectively. The yarns are physically disconnected as indicated by the red crosses. The path of 
current is illustrated by the blue arrows. The repeat unit of the fabric is illustrated in the red box 
and (b). (c) The representative unit highlighted in (b) is fabricated into a woven configuration with 
transparent PET as support yarns and n- and p-type MWCNT films as flat yarns and interconnects. 
Disconnects are illustrated with red crosses. The 4 cm X 4 cm FabTEC demonstration fabric can 
be mounted on the wrist as shown on the right, with the ability to flex with the body. (d) Heating 
and cooling performance of the FabTEC as a function of time. Each current value is held for 60 
seconds, and the experiment is stopped when the cold junction starts heating. The maximum 
cooling is 1.3 °C below room temperature (21 °C) and heating is 3 °C above room temperature. 
(e) Heating and cooling performances as a function of the applied current. (d) The voltage-current 
graph of the FabTEC shows an overall resistance of 509 ± 26 𝛺.  
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It is also important to understand that there are two different repeat units within this fabric design: 

(i) the repeat unit of having two TE yarns with one interconnect, which we term as the TE repeat, 

and (ii) the repeat unit with one junction towards the skin and one away from the skin, which we 

term as the design repeat. These, shown in Figure 25(b), help define the unique symmetry of the 

fabric, with six support yarns in the warp and weft directions each and three TE yarns per two 

interconnects. This design repeat is replicated experimentally, see Figure 25(c) with transparent 

PET yarns and for demonstration purposes is placed on the wrist to show its flexibility as the wrist 

moves from a flexed to a relaxed state.  

 

The cooling and heating performance of this FabTEC design repeat is shown in Figure 25(d), (e). 

In Figure 25(d), each current value is held for 60 seconds, and the resultant hot and cold junction 

temperatures are recorded, providing a maximum cooling of 1.3 °C below room temperature. The 

heating achieved was 3 °C, but the experiment was stopped once the temperature of the cooling 

junction started increasing. The Peltier cooling power of the device was calculated to be 0.162 

mW, with a cooling density of 0.101 W/m2 for the single cooling junction at 5 mA current. The 

variation of heating and cooling with current is shown in Figure 25(e), demonstrating that 

measurable thermal gradients are achievable at safe current levels for this fabric. The overall 

resistance of the FabTEC demonstration device was measured to be 509 ± 26 Ω, attributed to the 

contact resistance between the connecting wires and the fabric, as well as contact resistances 

between the interconnects and the p-type and n-type yarns. Nevertheless, we were able to achieve 

a cooling performance of > 1 °C, which is significant for indoor thermal comfort and adjustment 

of setpoint for HVAC systems.55,480,481  
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3.3.4.3 FabTEC Modeling 

An important aspect of modeling is to understand the correlation between the ZT of TE materials, 

and their cooling performance. While the materials we use have a ZT of 0.019, materials with 

higher ZT would result in more enhanced cooling. Nevertheless, it is important to consider not just 

the ZT of TE materials but also their room temperature stability, processability, strength, 

conformability and ease of handling. Considering all of these factors, MWCNT films perform 

relatively well for creating cooling and heating zones in the fabric without the need for bulky heat 

sinks. We modeled the impact of increasing s and S (resulting in an increased overall ZT of the 

TE materials) on the cooling density provided by the FabTEC design, as shown in Figure 26.  

 

 

Figure 26: Variation in ZT of TE materials and resultant cooling density at different cooling 
gradients. (a) The electrical conductivity is increased and resultant ZT and its effect on cooling 
density is reported. (b) The Seebeck coefficient is increased to result in increasing ZT and resultant 
cooling density is reported. (c) Graph illustrates the region highlighted by the red, dashed box in 
(b), showing the region where cooling density is positive (i.e. there is cooling) and where it is 
negative (i.e. no cooling) at lower values of ZT.  

 

The increase in s causes a lower increase in ZT than S, which is apparent when considering the 

ZT equation which is proportional to electrical s and S2. From Figure 26(a) we observer that at 

close to the ZT of our MWCNT materials, the cooling is limited to a maximum of 1 °C, which is 

approximately the same as what we observe experimentally, as shown in Figure 25. For higher 
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cooling, materials with a higher ZT are required. Additionally, we see that as the cooling gradient 

increases, the cooling density decreases, attributed to the fact that at higher cooling gradients the 

heat transfer within the TEC increases as well. From Figure 26(b) we see the larger effect of 

increasing S on the resultant cooling density (higher than when increasing only s), as well as the 

reduced cooling density as the cooling gradient is increased, although not as pronounced as in 

Figure 26(a). Additionally, Figure 26(c) shows the area highlighted by the dotted rectangle in 

Figure 26(b) which once again highlights that our MWCNT materials are limited in their cooling 

due to lower ZT. From these graphs we can conclude that designing higher ZT materials would 

result in greater cooling gradient, however even at lower ZTs we can still achieve 0.5 °C – 2 °C of 

cooling. This is promising because it can help guide material scientists to predict the ZT of their 

materials required for maximizing cooling density in this FabTEC design.  

 

While our materials show limited cooling, they are flexible and easily processable, and hence they 

merit use in the FabTEC design. Further, we also explore how the design considerations of the 

FabTEC can influence the heating and cooling performance, including the aspect ratio (AR) of the 

TE leg in a single junction, i.e. in the single PN or NP junction shown in Figure 25(b) and 

discussed in Section III of supplementary information. Table S3 shows the various values of AR 

we have considered in the model by varying the total length of the TE yarn in a single junction, 

while keeping the diameter of the yarns constant as 0.2 mm. The current is fixed at 10 mA so as 

to isolate the effect of AR on the overall cooling density and cooling of the FabTEC without 

influence from changing current. The cooling gradient (i.e. the temperature difference between the 

hot and cold sides) is varied to observe the effect of AR on higher cooling densities as well. 
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From Figure 27(a) we see the expected result that as the AR increases, the Ap of the FabTEC also 

increases, since the length of the TE yarns is increasing, thereby affecting the overall projected 

lengths of the FabTEC. This increasing Ap influences cooling density as well, as seen in Figure 

27(b). With increasing AR the cooling density decreases, attributed to the increasing Ap. 

Additionally, with higher cooling gradient the overall cooling density also reduces, attributed to 

the increase in heat exchange within the TEC as well as increased resistive heating due to longer 

TE yarns. Figure 27(c) shows a zoomed-in version wherein we can more clearly observe the 

reduction in cooling density with increasing AR, as well as increased cooling gradient. It is also 

important to understand the influence of AR on the total cooling itself, as shown in Figure 27(d). 

 

 

Figure 27: Influence of aspect ratio (AR) of the TE leg in each junction on the total cooling and 
cooling density of the FabTEC. (a) Increase in projected area of FabTEC as AR increases. (b) 
Decrease in cooling density with increasing AR for various cooling gradients. (c) Zoomed-in 
version of the graph in (b) which shows in greater detail the reduction in cooling density with 
increased AR at higher values of AR. (d) Total cooling (not considering the change in Ap) as a 
function of AR. 
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At lower cooling gradients of 0.5 °C and 1 °C, the resistive heating is higher than the heat transfer 

within the FabTEC due to the longer TE legs having a greater influence on resistive heating, and 

the lower cooling gradient keeping the heat transfer term in Equation 1 low. However, as the 

cooling gradient increases, the heat transfer effect overtakes the resistive heating effect due to 

greater temperature difference between the hot and cold junctions. Hence, at higher gradients of 3 

°C and 5 °C we see that the heat transfer within the TEC is higher than the resistive heating, as 

shown in Figure S35. Additionally, at higher cooling gradients we also observe that the heat 

transfer decreases with increasing AR, since the thermal resistance of the device is directly 

proportional to the length of the TE leg. At lower leg lengths the overall thermal resistance of the 

FabTEC is lower, and hence the overall heat transfer is higher, since it is inversely proportional to 

the thermal resistance of the device. As the leg length (and AR) increases, the overall device 

thermal resistance also increases, and hence the heat transfer within the TEC decreases (due to 

higher resistance faced by the heat to move from the hot to the cold side). This results in lower 

heat transfer within the TEC at higher ARs. Hence, we see the trend of increased cooling with 

higher ARs for higher cooling gradient, and decreased cooling with higher ARs for lower cooling 

gradient. This competing resistive heating and heat transfer effect is hence important, and when 

designing such a fabric a target cooling gradient has to be identified to determine whether resistive 

heating has to be minimized or thermal resistance of the device has to be increased. These effects 

are highlighted in Figure S35 of the supplementary information as well.  

 

Finally, we also took into account the influence of junction density and the theoretical cooling 

possible with a large FabTEC array with conventional ends per inch and picks per inch values 

ranging from 30-120 ends and picks per inch, usually encountered in textile fabrics. Section IV of 
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supplementary information shows that the three cases we can consider: 1200 ends and pics per 

meter, 2400 ends and picks per meter and 4000 ends and picks per meter of FabTEC result in 1666 

junctions/m2, 6666 junctions/m2 and 18518 junctions/m2 of FabTEC. Using these junctions, we 

modeled the maximum possible cooling, as shown in Figure 28. 

 

  

Figure 28: Junction density and its influence on the overall cooling achieved by FabTEC at various 
current levels. Total cooling for (a) 1666 junctions/m2 (30 ends/picks per inch), (b) 6666 
junctions/m2 (60 ends/picks per inch) and (c) 18518 junctions/m2 (100 ends/picks per inch) of 
FabTEC. 

 
Expectedly, at higher junction densities, the total cooling of the FabTEC is higher due to increased 

Peltier cooling. Additionally, as the current is increased the total cooling also increases due to 

Peltier cooling being directly proportional to the amount of current applied to the device. With 

increasing cooling gradient, the amount of cooling decreases due to the increased thermal heat 

exchange between the hot and cold junctions. This model does show that higher cooling gradients 

are possible at the ZT of our materials with a larger fabric array and denser junction distribution. 

It is important to note that these junction densities are modeled for fabrics in the 30 – 120 ends per 

inch and picks per inch range, which is typically encountered in textile fabrics, and with modern 

fabric weaving capabilities, such a fabric would be possible to manufacture on current weaving 

machines. At lower current value of 5 mA, we see that the cooling is limited to 8 °C for 1666 

junctions/m2 of FabTEC, see Figure 28 (a), whereas it increases to 10 °C for 6666 junctions/m2 
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and 18518 junctions/m2, as shown in Figure 28 (b) and (c), respectively. This is attributed to lower 

Peltier cooling at lower current values, increased resistive heating at higher levels of current, as 

well as increased thermal transfer at higher cooling gradients. From Figure S36, Figure S37, 

Figure S38 we can see the dominant effect of heat transfer at lower currents and resistive heating 

at higher currents on the overall cooling of the FabTEC at different junction densities. 

Nevertheless, higher current does allow for enough of a Peltier cooling effect to overcome the 

resistive heating and parasitic heat transfer, which isn’t possible at lower current and lower 

junction density.  

 

3.3.4.4 Separation of Junctions via Fabric Weave Design 

In order to manage the waste heat generated in the FabTEC device, we propose a design that would 

allow taking advantage of the weave geometry of the fabric to further push the interconnects 

towards and away from the central plane of the fabric, to allow for better dissipation of waste heat 

to the atmosphere when the cooling side of the FabTEC is towards the skin. This could be achieved 

in a number of methods, including:  

(i) Using higher stiffness yarns such as auxetic yarns,531 that push the interconnect junctions out 

of the plane of the fabric, creating a separation between the junctions. 

(ii) Increasing the yarn diameters to increase the weave angle, resulting in greater separation 

between the hot and cold sides. This would, however, also influence the overall electrical 

conductivity of the yarns, which may result in lower TE effect.  

(iii) Changing the crimp in specific yarns that support the junction such that it is almost eliminated, 

resulting in an increase in the separation between hot and cold sides. This is further explained 

in Figure 29.532  
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To achieve a change in crimp, we consider the two junctions in Boxes A and B that are on the top 

face of the fabric in case of Box A, and on the bottom face of the fabric in case of Box B, as shown 

in Figure 29 (a). With the intention to separate these two junctions, we can consider the method 

of decreasing the crimp in the weft direction yarns that the junctions go over and under, 

respectively as shown in Figure 29 (b). By increasing the crimp, there would be an increase in the 

amount that the junction yarn is pushed down (Box B) closer to the skin and pushed up (Box A) 

away from the skin, thereby increasing the separation between the hot and cold sides of the 

junction. Hence, when looking at the fabric cross-section, one can see the separation between the 

two junctions over and under the plane of the fabric, as shown in Figure 29 (c).  

 

 

Figure 29: Thermal management weave design for separation hot and cold junctions. (a) Repeat 
unit with two junctions on the face and back of FabTEC. (b) Proposed design that reduces crimp 
and imparts greater separation to the two junctions. (c) Junction separation as seen from the front 
view of the modified FabTEC. 
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While we have not shown an implementation of this design, it is important to consider such aspects 

when designing a woven fabric FabTEC, as the fabric design itself will be able to provide solutions 

to separation of the heating and cooling junctions, without adding additional thermal conducitivty 

or electrical resistance to the design.  

 

3.3.5 Conclusions 

In this work, characterized the cooling performance of a single and two-junction TEC composed 

of MWCNTs, achieving a resultant cooling of 0.4 °C and 1.1 °C, respectively. These were then 

integrated into a flexible, woven configuration to form the FabTEC design akin to a woven textile 

fabric, with programmed disconnects to ensure that the heating and cooling junctions are separated. 

In such a configuration, we were able to achieve a cooling of 1.3 °C without the need for bulky 

heat sinks or sacrificing the flexibility of the materials. While this was not a high amount of 

cooling, it is still significant because of the form factor of the FabTEC. It is also important to note 

that humans can perceive temperature changes of 0.02 – 0.07 °C of cooling, and 0.03 – 0.09 °C of 

warming pulses.480 The rate of temperature change is also important, with humans capable of 

detecting temperature changes if they happen more rapidly such as at 0.1 °C/s compared to 0.5 

°C/minute.480,481 Hence, even a small change in temperature can result in perceived thermal 

comfort, especially when the wearer is sedentary and indoors. Additionally, while the cooling was 

limited by the ZT of our materials, in the future more promising TE materials with flexibility and 

conformability would ensure that this design would enable greater cooling.  

 

Additionally, we also modeled the behavior of the FabTEC design when the AR, ZT and junction 

density are varied. We found that AR and junction density have a significant impact on the overall 
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cooling density of the FabTEC, and that by taking into consideration the AR of the TE legs, we 

can minimize parasitic heat loss in large area TECs. Additionally, higher ZT would also result in 

higher cooling gradients. These modeling results are promising because they provide a tool to 

integrate textile geometry with TE performance to optimize cooling density without the need for 

bulky heat sinks or rigid materials.  

 

Additionally, the inclusion of a design criterion to reduce crimp in the fabric and thereby separate 

the heating and cooling junctions more efficiently provides an outlook for how these fabrics can 

be more efficiently designed. These results also suggest that FabTEC modules would be 

advantageous for next-to-skin heating and cooling where a low cooling density is required over a 

larger, conformable and flexible area where heat sinks might be incompatible. The facile 

fabrication method of our MWCNT materials suggests that such a FabTEC design could lead to 

future applications where next-to-skin heating/cooling devices can enable energy savings by 

leading to an increase in air conditioning setpoint. 
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4. CONCLUSIONS AND FUTURE OUTLOOK 

The aim of this work was to develop an understanding of the exiting research in the field of smart, 

wearable and textile-based personal thermal comfort systems to move heating and cooling away 

from the built environment to the space next-to-skin. We started with a broad look at the research 

and development of active and passive thermal comfort systems, including phase change materials 

that can provide both heating and cooling, passive heating textiles that can provide warmth to the 

body due to their unique geometry and/or material properties, passive cooling textiles that can 

directionally move heat away from the body, allow better wicking of sweat, or allow better transfer 

of radiative heat away from the body. Additionally, active thermal comfort systems such as Joule 

heating fabrics that rely on resistive heating to provide warmth, and thermoelectric fabrics that can 

reversibly heat or cool due to the Peltier effect were also discussed. Amongst all of these, 

thermoelectric fabrics seem to be a promising avenue for the deployment of next-to-skin thermal 

comfort systems due to their ability to provide reversible heating/cooling, and the myriad different 

materials available to develop flexible TE devices.  

 

We began with efforts to identify materials that would be appropriate for fabric-based TE 

cooling/heating systems and identified p-type MWCNTs and n-type PEI doped MWCNTs as the 

best candidate materials that satisfy our specific requirements of having relatively high TE 

performance, room temperature and solution processability, flexibility, strength, and non-

reactivity. We reported some of the highest ZTs of these MWCNT materials, both p-type and n-

type, as 0.019 by evaluating all three transport properties – Seebeck coefficient, electrical 

conductivity, and thermal conductivity – in the same direction using in-plane thermal conductivity 

measurements, which are not often reported for TE materials. Then, we integrated these materials 
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into a FabTEC design, resulting in a prototype fabric that could provide up to 1.3 °C of cooling, 3 

°C of heating, and a resultant 0.101 W/m2 cooling density, all within a small current of 6 mA. We 

further analyzed the woven fabric geometry to optimize the theoretical design of FabTEC and 

arrived on the conclusion that higher ZT, combined with lower aspect ratio (length/diameter) of 

the TE yarns, as well as higher junction density would be important factors in maximizing the 

cooling density of the fabric. Additionally, we also proposed a design route that would allow for 

greater separation of the hot and cold sides of the fabric by reducing the crimp the thermal 

management yarns that support the interconnecting junctions, thereby pushing them further away 

from the plane of the fabric.  

 

This work presented here provides an important toolbox for the evaluation of TE fabrics, 

combining TE concepts with woven fabric geometry to enable researchers to develop high 

efficiency TE designs that do not compromise on the strength, flexibility, conformability, and 

inherent comfort of the woven textile fabric. It is also important to note that by preserving the 

textile geometry, we can further optimize it to aid the TE performance, without the need for 

extremely efficient materials, since all of our modeling has used the TE properties of our MWCNT 

materials. 

 

The outlook of this research provides for many areas of that could be explored for future work 

including:  

i. Development of higher efficiency TE materials that are room temperature processable, flexible, 

strong, and air-stable to achieve greater levels of heating and cooling 
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ii. Using the various woven fabric designs to integrate TE modules into. While this work only 

explores the plain-woven design as the proof-of-concept, other promising specialty woven 

structures with combinations of interlacement patterns, yarn sizes, and yarn crimp should be also 

investigated.  

iii. Transport and release of the waste heat such that it could be reused back in the system, which 

would require a method of storing the waste heat and then releasing it at a different time. Such a 

system could be made by incorporating PCMs, however currently such a method would result in 

additionally bulk in the fabric. Hence, with the development of lighter heat storage materials, more 

efficient waste heat management would be possible.  

 

Finally, as it has previously been stated, there is a dire need to move heating and cooling away 

from built environments due to the undue energy requirements of HVAC systems. Textiles such 

as FabTEC provide a way to achieve indoor personal thermal comfort, especially in sedentary 

environments such as offices and homes. This would also bridge the gender, age, and metabolism 

gap that causes humans to experience thermal comfort at different temperatures, by providing a 

personalized mechanism to experience thermal satisfaction without relying on a common HVAC 

setpoint.  
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Appendix A 

Supplementary Information: In-Plane Thermoelectric Properties of Flexible and Room 

Temperature Doped Carbon Nanotube Films 

 

 
 
Figure S30: (a) Schematic diagram of the setup to measure Seebeck coefficient with the image 
in (b) showing the setup with the MWCNT film places across the hot and cold sides. While in (b) 
the temperature probe has been moved aside to show a better view of the film, during 
measurement the probe is placed on the film as in (a) to measure thermal gradient and Seebeck 
voltages on the same side of the film.  

 

 
 
Figure S31: SEM images at 10000X magnification for (a) pristine MWCNT film and (b) 5-
MWCNT/PEI film. Both scale bars are 5 µm.  
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Figure S32: Thickness variation as a function of concentration of PEI in ethanol.Table S1. 
Thermoelectric properties of pristine and n-type MWCNT films. ZT for the films is calculated by 
assuming that the thermal conductivities of the PEI doped films remain constant as the 
concentration varies from 5 to 20 wt.% PEI.  

 
Table S2: Overall TE performance of MWCNT materials 

Film Type Thick

ness 

(µm) 

Seebeck 

Coefficien

t (µV/K) 

Electrical 

Conductivity 

(S/m) 

Power 

Factor 

(µW/mK2) 

Thermal 

Conductivi

ty (W/mK) 

ZT (at 

300 K) 

p-type 

MWCNT 

8.4 

 ± 0.5 

56.19 

 ± 0.002 

107977.61  

± 0.01 

340.94 

±0.02 

5.5 ± 0.8 0.019 

5-

MWCNT/PEI 

10.2 ± 

1.5 

- 54.29 

 ± 0.004 

134238.78  

± 30036.18 

395.59 

 ± 62.53 

8.1± 1.2 0.015 

10-

MWCNT/PEI 

10.7 ± 

1.3 

- 50.72 

 ± 3.07 

166084.83  

± 8365.31 

429.36  

± 51.79 

8.1± 1.2 0.016 

15-

MWCNT/PEI 

9.9 

 ± 0.7 

- 50.60 

 ± 1.25 

203003.99  

± 28278.62 

521.66  

± 69.33 

8.1± 1.2 0.019 

20-

MWCNT/PEI 

9.1 

 ± 1.7 

- 43.82 

 ± 11.10 

211463.31 

 ± 34596.35 

402.21  

± 97.04 

8.1± 1.2 0.015 
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Figure S33: Comparison of κ and PF for various reported TE materials containing CNTs (cited 
work indicated by o with red for p-type and blue for n-type). Data for the materials are from the 
cited sources: MWCNT-PANI,494 MWCNT-PTh,506 SWCNT-PEDOT:PSS,248 SWCNT-PEI,255 
SWCNT,255 MWCNT-PEI,437 and MWCNT-PEDOT:PSS.437 This work (indicated by é) shows 
high PF with lower κ than other reported materials. 
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Appendix B 

Supplementary Information: Design and Evaluation of a Woven Thermoelectric 

Heating/Cooling Fabric for On-Body Thermal Comfort 

I. Projected Area Calculation 
 

 
Figure S34: FabTEC modeling for TE performance. (a) Overall fabric design with disconnects. 
(b) Repeat unit with symmetry. (c) Projected length in the XX’ plane. (d) Projected length in the 
YY’ plane. (e) Calculation of projected lengths. 
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Important Variables:  

• Spacing between warp support yarns = p1 

• Modular length of TE yarn (weft yarn) = l2 

• Modular length of interconnect (warp yarn) = l1 

• Diameter of support yarns = d1 

• Diameter of TE yarn = d2 

• Diameter of interconnect = d3 

• Weave angle = 𝜃 

• Total length of either P or N-type TE yarn in a single junction = LTE  

• Aspect ratio of single TE yarn in a single junction = LTE / d2 

• Assumptions: 

• All weave angles are assumed to be the same 

• All yarns are assumed to be of circular cross-section 

 

Derivation of p1: 

DE = CE = 𝑑9 2⁄ +	𝑑! 2⁄ = 0.5(𝑑9 + 𝑑!)  

Curve length of CD = Curve length of AB = 𝐶𝐸 × 𝜃 = 0.5(𝑑9 + 𝑑!)𝜃   

CC’ = BB’ = CE × sin 𝜃 = 0.5(𝑑9 + 𝑑!) sin 𝜃 

BC = AD – AB – CD = 𝑙! − (𝑑9 + 𝑑!)𝜃 

BF = 𝐵𝐶 × cos 𝜃 = {𝑙! − (𝑑9 + 𝑑!)𝜃} cos 𝜃 

𝑝9 = 𝐵𝐵: + 𝐵𝐹 + 𝐶𝐶: = 0.5(𝑑9 + 𝑑!) sin 𝜃 + {𝑙! − (𝑑9 + 𝑑!)𝜃} cos 𝜃 + 0.5(𝑑9 + 𝑑!) sin 𝜃 

𝒑𝟏 = (𝒅𝟏 + 𝒅𝟐) 𝐬𝐢𝐧𝜽 + {𝒍𝟐 − (𝒅𝟏 + 𝒅𝟐)𝜽} 𝐜𝐨𝐬𝜽 

 

Similarly, we can derive p3 as: 

𝒑𝟑 = (𝒅𝟏 + 𝒅𝟑) 𝐬𝐢𝐧𝜽 + {𝒍𝟏 − (𝒅𝟏 + 𝒅𝟑)𝜽} 𝐜𝐨𝐬𝜽 

 

For p2, we have the following:  

D1E1 = C1E1 = 0.5(𝑑9 + 𝑑!) and G1A1 = G1B1 = 0.5(𝑑! + 𝑑%) 

C1D1 = 0.5(𝑑9 + 𝑑!)𝜃 and A1B1 = 0.5(𝑑! + 𝑑%)𝜃 

C1C’1 = C1E1× sin 𝜃 = 0.5(𝑑9 + 𝑑!) sin 𝜃 
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B1B’1 = G1B1× sin 𝜃 = 0.5(𝑑! + 𝑑%) sin 𝜃 

B1C1 = A1D1 – A1B1 – C1D1 = 𝑙! − 0.5(𝑑9 + 𝑑!)𝜃 − 0.5(𝑑! + 𝑑%)𝜃 

B1C1 = 𝑙! − {𝑑!𝜃 + 0.5(𝑑9 + 𝑑!)𝜃} 

B1F1 = B1C1× cos 𝜃 = [𝑙! − {𝑑!𝜃 + 0.5(𝑑9 + 𝑑!)𝜃}] cos 𝜃 

p2 = B1B’1 + B1F1 + C1C’1 = 𝑙! cos 𝜃 + 𝑑!(sin 𝜃 − 𝜃 cos 𝜃) + 0.5(𝑑9 + 𝑑%)(sin 𝜃 − 𝜃 cos 𝜃) 

p2 = 𝒍𝟐 𝐜𝐨𝐬𝜽 + 𝒅𝟐(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) + 𝟎. 𝟓(𝒅𝟏 + 𝒅𝟑)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) 

 

Similarly, we can write p4 as: 

p4 = 𝒍𝟏 𝐜𝐨𝐬𝜽 + 𝒅𝟑(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) + 𝟎. 𝟓(𝒅𝟏 + 𝒅𝟐)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) 

 

The projected length in the XX’ plane, PL1 can be written as,  

PL1 = 12p1 + 6p2 

PL1 = 12[(𝒅𝟏 + 𝒅𝟐) 𝐬𝐢𝐧𝜽 + {𝒍𝟐 − (𝒅𝟏 + 𝒅𝟐)𝜽} 𝐜𝐨𝐬𝜽] + 6[𝒍𝟐 𝐜𝐨𝐬𝜽 + 𝒅𝟐(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) +

𝟎. 𝟓(𝒅𝟏 + 𝒅𝟑)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)] 

 

The projected length in the YY’ plane, PL2 can be written as,  

PL2 = 12p3 + 6p4 

PL2 = 12[(𝒅𝟏 + 𝒅𝟑) 𝐬𝐢𝐧𝜽 + {𝒍𝟏 − (𝒅𝟏 + 𝒅𝟑)𝜽} 𝐜𝐨𝐬𝜽] + 6[𝒍𝟏 𝐜𝐨𝐬𝜽 + 𝒅𝟑(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) +

𝟎. 𝟓(𝒅𝟏 + 𝒅𝟐)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)] 

 

The projected area of a single repeat unit = Ap = PL1 X PL2 

Ap = [12[(𝒅𝟏 + 𝒅𝟐) 𝐬𝐢𝐧𝜽 + {𝒍𝟐 − (𝒅𝟏 + 𝒅𝟐)𝜽} 𝐜𝐨𝐬𝜽] + 6[𝒍𝟐 𝐜𝐨𝐬𝜽 + 𝒅𝟐(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) +

𝟎. 𝟓(𝒅𝟏 + 𝒅𝟑)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)]] X [12[(𝒅𝟏 + 𝒅𝟑) 𝐬𝐢𝐧𝜽 + {𝒍𝟏 − (𝒅𝟏 + 𝒅𝟑)𝜽} 𝐜𝐨𝐬𝜽] + 

6[𝒍𝟏 𝐜𝐨𝐬𝜽 + 𝒅𝟑(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) + 𝟎. 𝟓(𝒅𝟏 + 𝒅𝟐)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)]] 
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II. Thermoelectric Equations 
 
Thermoelectric equations used for calculating total heating and cooling have been adapted from 

literature.336 

In the cooling mode, 𝑸𝒄 = 𝒏𝜶𝑻𝒄𝑰 −
𝑰𝟐𝑹𝒆𝒍𝒆𝒄'𝑻𝑬𝑪

𝟐
− (𝑻𝒉5𝑻𝒄)

𝑹𝒕𝒉𝒆𝒓𝒎'𝑻𝑬𝑪
  

where Qc = total TE cooling = Peltier cooling – Joule Heating – Thermal Leak between hot and 

cold sides 

n = number of junctions, α = device Seebeck coefficient, Tc = target temperature of cold side (side 

close to skin), I = current supplied to TEC, Relec-TEC = electrical resistance of TEC device, Rtherm-

TEC = thermal resistance of TEC device, Th = Hot side temperature, heat rejection side 

On the cool side, the term (;
!</0/1'234

!
+ =55=1

<65/78'234
) has to be minimized to enable higher amount 

of cooling 

𝐷𝑒𝑣𝑖𝑐𝑒	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 	𝑅&>&?5=@A = 𝑛{
𝐿=@
𝑎=@

y
1
𝜎)
+
1
𝜎B
{ +

𝐿;)
𝑎;)

|
1
𝜎;)
}} 

Where n = number of junctions 

LTE, aTE = total modular length, cross-sectional area of the TE leg (p or n) in a single junction, σn , 

σp  and σln = electrical conductivity of n-type, p-type and interconnect yarns, respectively, Lin, ain 

= length, cross-sectional area of interconnect yarn in single junction 

𝐷𝑒𝑣𝑖𝑐𝑒	𝑡ℎ𝑒𝑟𝑚𝑎𝑙	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 	𝑅C'&DE5=@A =
1
𝑛 {
𝐿=@
𝑎=@

y
1
𝜅)
+
1
𝜅B
{ +

𝐿;)
𝑎;)

|
1
𝜅;)

}} 

Where κp, κn = thermal conductivities of p and n-type TE yarns  

In the heating mode, 𝑸𝒉 = 𝒏𝜶𝑻𝒉𝑰 +
𝑰𝟐𝑹𝒆𝒍𝒆𝒄'𝑻𝑬𝑪

𝟐
− 𝑻𝒉5𝑻𝒄

𝑹𝒕𝒉𝒆𝒓𝒎'𝑻𝑬𝑪
 

Where Qh = total TE heating = Peltier heating + Joule Heating – Thermal Leak between hot and 

cold sides 

Hence, the cooling density is defined as: Cooling/Area of Fabric 

Cooling Density = Qc / Ap 

Cooling Density = 

{𝒏𝜶𝑻𝒄𝑰 −
𝑰𝟐𝑹𝒆𝒍𝒆𝒄'𝑻𝑬𝑪

𝟐
−

(𝑻𝒉5𝑻𝒄)
𝑹𝒕𝒉𝒆𝒓𝒎'𝑻𝑬𝑪

}

[𝟏𝟐[(𝒅𝟏 + 𝒅𝟐) 𝐬𝐢𝐧𝜽 + {𝒍𝟐 − (𝒅𝟏 + 𝒅𝟐)𝜽} 𝐜𝐨𝐬𝜽] 	+	
𝟔[𝒍𝟐 𝐜𝐨𝐬𝜽 + 𝒅𝟐(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽) +
𝟎. 𝟓(𝒅𝟏 + 𝒅𝟑)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)]]	𝐗

	[𝟏𝟐[(𝒅𝟏 + 𝒅𝟑) 𝐬𝐢𝐧𝜽 + {𝒍𝟏 − (𝒅𝟏 + 𝒅𝟑)𝜽} 𝐜𝐨𝐬𝜽]	
+	𝟔[𝒍𝟏 𝐜𝐨𝐬𝜽 + 𝒅𝟑(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)
+𝟎. 𝟓(𝒅𝟏 + 𝒅𝟐)(𝐬𝐢𝐧𝜽 − 𝜽𝐜𝐨𝐬𝜽)]]

T  
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III. FabTEC Modeling Assumptions and Data 
 
Assumptions for the modeling data for effect of AR on the cooling density of FabTEC:  

• Number of junctions = 4 

• Weave angle = 2 º 

• No contact resistance 

• Hot side temperature = 21 °C 

• ZT of p-type and n-type = 0.002 

• Length of interconnect yarn = 2.4 mm 

• Constant current value set as = 10 mA 

For each aspect ratio, the parameters used are:  

 

Table S3: Modeling Parameters for AR Effect on FabTEC Cooling Density 

Modular Length (l2) 

(mm) 

Leg Length (LTE =12 X l2) 

(mm) 

Diameter of yarn 

(d2) (mm) 

Aspect Ratio 

(AR) 

0.0083 0.1 0.2 0.5 

0.02 0.24 0.2 1.2 

0.04 0.48 0.2 2.4 

0.06 0.72 0.2 3.6 

0.08 0.96 0.2 4.8 

0.1 1.2 0.2 6 

0.12 1.44 0.2 7.2 

0.14 1.68 0.2 8.4 

0.16 1.92 0.2 9.6 

0.18 2.16 0.2 10.8 

0.20 2.4 0.2 12 

0.22 2.64 0.2 13.2 
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Figure S35: Peltier cooling, resistive heating, and heat transfer within the TEC as a function of 
the AR for various cooling gradients. 
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IV. Junction Density Calculation  
 
From Figure S34(b) we can see that there are two junctions in the geometric repeat unit of this 

fabric. The TE repeat unit, however, would consist of just a single junction that could either be a 

heating or a cooling junction, i.e., either PN or NP in Figure S34(a). Junction density will be 

defined as the number of junctions per meter of fabric. For calculating the junction density, we 

need to take into account the total number of support yarns needed in the warp and weft direction 

for a single junction, defined as ends (warp yarns) per inch and picks (weft yarns) per inch. In a 

typical textile fabric, the ends and picks per inch range from 30-120 ends/picks per inch i.e. from 

1200-4700 ends/picks per meter. Hence, we will consider three cases for junction density: (i) 1200 

ends/picks per meter (30 ends per inch), (ii) 2400 ends/picks per meter (60 ends per inch), and (iii) 

4000 ends/picks per meter (100 ends per inch) to calculate the junction density.  

 

Considering the single PN junction in Figure S34(a) we see that there are 12 weft ends (this 

includes 10 grey support yarn and 2 TE yarns) and 18 warp ends (16 grey support yarns to support 

the two TE yarns, and 2 interconnect yarns) required for each junction. Due to the symmetry of 

the structure, the same number of yarns are required for the NP junction as well. Hence, we can 

say that 

• 18 warp ends and 12 weft ends are required for 1 junction 

• For every 2 PN or NP junction pairs, we need: 36 warp ends and 24 weft ends 

We can now calculate the resultant number of junctions per square meter for the three cases:  

Case 1: 1200 ends and 1200 picks per meter:  

Number of junctions per meter2 of fabric = 1200/36 × 1200/24 = 33.33 × 50  

Number of junctions per meter2 of fabric = 1,666 junctions 
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Case 2: 2400 ends and 2400 picks per meter: 

Number of junctions per meter2 of fabric = 2400/36 × 2400/24 = 66.67 × 100 

Number of junctions per meter2 of fabric = 6,666 junctions 

 

Case 3: 4000 ends and 4000 picks per meter:  

Number of junctions per meter2 of fabric = 4000/36 × 4000/24 = 111.11 × 166.67 

Number of junctions per meter2 of fabric = 18,518 junctions 

 

For each of these three cases, while the number of junctions seem high it is important to understand 

that this is for a square meter of fabric which usually includes a high number of ends and picks, 

due to the small size of the yarns. 

Hence the junction densities that would be considered for modeling are: 1666 junctions/m2, 6666 

junctions/m2 and 18518 junctions/m2. 

 
Assumptions for the modeling data for junction density on the cooling density of FabTEC: 

• Weave angle = 2° 

• Aspect ratio = 24 

• No contact resistance 

• Hot side temperature = 21 °C 

• ZT of p-type and n-type = 0.002 
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Figure S36: Peltier cooling, resistive heating and heat transfer within the FabTEC for 1666 
junctions/m2 density.  
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Figure S37: Peltier cooling, resistive heating and heat transfer within the FabTEC for 6666 
junctions/m2 density.  
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Figure S38: Peltier cooling, resistive heating and heat transfer within the FabTEC for 18518 
junctions/m2 density. 

 
 
 
 
 
  


